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ABSTRACT OF THE DISSERTATION
Interaction of aqueous U(VI) with goethite, montmorillonite, and UO2(s)
by
Anshuman Satpathy
Doctor of Philosophy in Energy, Environment and Chemical Engineering
McKelvey School of Engineering
Washington University in St. Louis
Research Advisor: Dr. Daniel E. Giammar, Chair

Uranium contamination in subsurface environments is a matter of great concern throughout
the world. Fate and transport of uranium in the subsurface can be controlled by U(VI)
adsorption and reduction onto common iron (oxy)hydroxides and clay minerals. Aqueous
U(VI) can also exchange uranium atoms with solids comprised of uranium which can
potentially lead to changes in the morphology of the uranium-containing solids and affect
their stability.
First, the performance of multiple surface complexation models (SCMs) on
adsorption of U(VI) onto goethite was analyzed for a broad range of input conditions.
Individual models could fit the data for which they were parameterized, but they performed
poorly when compared with experimental data covering a broader range of conditions. We
developed a series of robust models with different levels of complexity following a
systematic roadmap. Goethite-uranyl-carbonate ternary surface complexes were required in
every model. A triple plane model with a dimeric goethite-uranyl complex was found to
provide the best fit, but the performance of a double layer model with bidentate goethiteuranyl and goethite-uranyl-carbonate complexes was also comparable. The models that
ignore the bidentate feature of uranyl surface complexation consistently performed poorly.
xii

The goodness of fit for the models that ignore adsorption of carbonate was not significantly
compromised compared with their counterparts that considered carbonate adsorption. This
approach of model development for a large and varied dataset improved our understanding of
U(VI)-goethite surface reactions and can lead to a path for generating a single set of reactions
and equilibrium constants for including U(VI) adsorption to goethite in reactive transport
models.
Second, multiple SCMs for U(VI) adsorption onto montmorillonite were reviewed,
and their performance for a large range of input conditions was evaluated. A new SCM was
developed using a large and varied composite dataset to generate a model that would provide
effective simulation over the full range of input conditions. This new model also employed a
state-of-the-art technique to account for the spillover charge effect when estimating edge
surface potential. The new model was comprised of four edge-site U(VI) surface
complexation reactions and a single cation exchange reaction. Out of the four edge-site
species, one was a U(VI)-carbonate ternary surface species that was only significant at an
elevated carbonate concentration. The overall performance of the new model was robust,
performing better than any of the models reviewed in this study for the composite dataset.
This U(VI)-montmorillonite robust model along with robust models for other such minerals
can be integrated with a reactive transport model which will help better predict uranium fate
and transport in environmental conditions.
Third, the extent of reduction of U(VI) adsorbed to chemically reduced
montmorillonite was investigated at different pH and sodium concentrations using X-ray
absorption spectroscopy and chemical extractions. Nearly 100% of U(VI) was reduced to
U(IV) at low sodium concentration at both pH ~3 and ~6. The extent of U(VI) reduction at
high sodium concentration and pH ~6 was only 70%. Surface bound U(VI) on unreduced
montmorillonite was much more easily extracted into solution with bicarbonate than surface
xiii

bound U(IV) generated due to reduction of U(VI) adsorbed onto reduced montmorillonite
surface. U(IV) immobilized onto the clay surface by cation exchange is more resistant to
bicarbonate-induced mobilization than uranium bound to the montmorillonite edge sites. We
developed a non-electrostatic surface complexation model to interpret the equilibrium
adsorption of U(IV) to reduced montmorillonite as a function of pH and sodium
concentration. Our findings establish the importance of structural Fe(II) in low iron content
smectites in controlling uranium mobility in subsurface environments.
Finally, uranium atom exchange between aqueous U(VI) and the solid associated
uranium species was probed using a 236U isotope tracer at pH 7 and 1 mM dissolved
inorganic carbon condition. No isotope exchange was observed between aqueous U(VI) and
the UO2(s) even after 47 days of reaction. However, occurrence of isotope exchange between
aqueous U(VI) and the U(VI) adsorbed onto montmorillonite was observed within timescales
of 5 minutes. X-ray photoelectron spectroscopy provided evidence for the presence of U(V)
and U(VI) species on the U(IV) oxide surface.

xiv

Chapter 1: Introduction and Research Overview
1.1 Introduction
1.1.1 Significance of uranium
Fate and transport of uranium in subsurface environments is a matter of great
concern because of its chemical and radiological toxicity. Mining and milling of uranium
minerals led to generation of tailing deposits that have been abandoned near the milling
facilities. Enrichment of uranium leads to generation of depleted uranium (DU) as a
byproduct. Another important potential source of uranium contamination to the
environment is spent nuclear fuel (SNF) from nuclear power plants.
Uranium and other heavy metals from tailing pond deposits can mobilize into the
groundwater causing serious problems for the local population. Elevated concentrations of
uranium have been found in the groundwater near such milling facilities in many places
throughout the world. Although much of the energy is harnessed during nuclear fission of
235

U-enriched uranium when used as nuclear fuel, SNF generated at the end of the nuclear

fission process remains highly radioactive and hence, special attention is needed for its
storage and disposal. Chemically, SNF is comprised of mostly (95%) UO2(s).1 The final
long-term safe storage of SNF will be done in underground repositories. Strategies for
design and construction of these permanent repositories and their operation for SNF storage
are being deliberated in many countries including the United States.

1.1.2 Uranium geochemistry
Uranium occurs in the environment primarily in the +4 and +6 oxidation states.2
Under oxic conditions, U(VI) is most stable. U(VI) occurs in the form of the UO22+ ion and
its complexes with environmentally relevant anions. In most subsurface environments UO22+
1

complexes with hydroxide and carbonate are the most significant.3 All these U(VI) aqueous
species can be highly mobile in subsurface environments. Under anoxic conditions and in
presence of a chemical reductant, uranium occurs in the +4 oxidation state. At very low pH
(<2), dissolved U(IV) primarily occurs as U4+ and UOH3+.3 At more neutral pH, naturally
occurring U(IV) is found predominantly in the form of sparingly soluble uraninite as well as
non-uraninite solid species. Naturally occurring uraninite is non-stoichiometric (UO2+x(s)) due
to partial oxidation of U(IV) to U(VI) and substitution of uranium by cationic impurities like
thorium, zirconium, rare earth elements, lead and calcium in its crystal structure.4 U(IV)
oxide can also form due to natural and engineered biological reduction of U(VI).5-8 Research
in the last decade has established the presence of non-uraninite U(IV) solid-associated species
in many natural subsurface environments. Non-uraninite U(IV) can be found either in the
form of non-crystalline U(IV) solids or as surface bound monomeric U(IV) species. Chemical
reduction of U(VI) in the presence of Fe(II) containing minerals like magnetite,9, 10 green
rust11 and Fe(II) sulfides,12-14 and phyllosilicates (biotite and chlorite)15 can generate noncrystalline U(IV) solids. Similarly, the presence of biogenic surface-bound monomeric U(IV)
as a result of reduction of U(VI) has been observed on minerals, biomass, and other organic
matter.16-21 X-ray absorption spectroscopic studies22-25 have shown that biogenic noncrystalline U(IV) is coordinated with phosphate, carboxyl or silicate functional groups.
Figure 1.1 shows the redox speciation of uranium (with uraninite as the only possible U(IV)
solid phase) and aqueous speciation of uranium in the +6 oxidation state for a system in
equilibrium with atmospheric CO2(g).

1.1.3 Uranium adsorption onto minerals
Adsorption of uranium onto mineral surfaces is an important phenomenon affecting
the fate and transport of uranium in subsurface environments. Iron (oxy)hydroxides and clay
minerals are ubiquitous in soils and aquifer sediments. U(VI) has increasing affinity for
2

adsorption onto iron (oxy)hydroxides as system pH increases from acidic to near neutral.
However, at an elevated pH (>8) the extent of adsorption of U(VI) is a strong function of
dissolved inorganic carbon concentration as carbonate forms strong aqueous complexes with
U(VI) that limit U(VI) adsorption to mineral surfaces.3 Clay minerals have layered structures
with permanent negative charge due to isomorphic substitution. This charge is balanced by
binding of cations in the interlayer space. Adsorption of uranium onto clay minerals can take
place on either the layer edges (edge sites) or the interlayer space (cation exchange sites).
Like the iron (oxy)hydroxide sites, edge sites of the clay minerals have pH-dependent
adsorption affinity, and trends of adsorption of U(VI) onto such sites are similar to the U(VI)
adsorption trends onto iron (oxy)hydroxide sites. However, positively charged aqueous U(VI)
species can also bind onto the interlayer space of the clay minerals by cation exchange. The
extent of adsorption of uranium onto cation exchange sites is controlled by the background
cation (Na+/ Ca2+) concentration as U(VI) cationic species have to compete with Na+/Ca2+ for
binding to these sites. Under a low background Na+/Ca2+ concentration (typically < 10 mM),
U(VI) can bind onto the cation exchange sites even at acidic pH (<4).
The thermochemical database (TDB) project of the OECD Nuclear Energy Agency
has been consistently updating the aqueous complexation and dissolution-precipitation
reactions associated with many significant elements including uranium.26 On the other hand,
no critically reviewed uranium surface complexation reactions and associated equilibrium
constants exist for uranium adsorption onto any mineral. Over the last few decades,
researchers have studied adsorption of U(VI) on many iron (oxy)hydroxides27-55 as well as
clay minerals56-66 under environmentally relevant pH, carbonate concentrations and ionic
strength. Many of these studies also focused on the molecular-scale coordination environment
of uranium species bound to iron (oxy)hydroxide34, 35, 41, 44, 49, 53 and clay mineral35 surfaces,
leading to better understanding of the stoichiometry of such surface complexes. A large
3

number of surface complexation models for U(VI) adsorption onto iron (oxy)hydroxides as
well as onto clay minerals have been developed which help predict uranium adsorption for a
small set of input conditions. However, their adsorption predictions for a large range of input
conditions are not satisfactory, making their predictive capacity limited to only a small subset
of conditions encountered in the environment. Development of robust models by employing
larger datasets with greater coverage of the possible chemical conditions can help predict
uranium adsorption for a wide range of input conditions. Such robust modeling efforts have
been carried out for the U(VI)-ferrihydrite system leading to generation of a better adsorption
predictive model. However, development of robust surface complexation models for U(VI)
adsorption onto other important minerals had not yet been attempted.
Although, U(VI) species formed on mineral surface have been extensively studied,
fewer scientific works19, 24, 67-70 have been done on mineral surface-bound U(IV) species.
U(IV) surface species on minerals can be formed as a result of reduction of surface bound
U(VI) by chemical or biological processes or by direct adsorption of aqueous U(IV) onto the
mineral surface. Previous works on reduction of U(VI) onto mineral surfaces under
environmentally relevant conditions have been primarily focused on either microbial methods
or chemical reduction by aqueous Fe(II) or surface bearing Fe(II) species. Low iron content
smectites, like montmorillonite, are a large pool of structural Fe(III) in the environment.
Under subsurface anoxic conditions, structural Fe(III) can be reduced to Fe(II) which can
subsequently reduce U(VI) that binds to the montmorillonite surface.

1.1.4 Redox-driven recrystallization
Redox-driven recrystallization is a phenomenon in which redox reactions lead to
exchange of atoms of an element between two phases (one solid and another aqueous) that
are in different oxidation states. While one half of the redox couple at one site of the solid

4

phase leads to its crystal growth, dissolution of the solid takes place at another site due to
another half of the redox couple. As rates of crystal growth and dissolution are the same,
there is no net change in the aqueous concentration of the element, but atoms exchange
between the two phases. Redox-driven recrystallization of iron (oxy)hydroxides, like
goethite, ferrihydrite and magnetite, in the presence of aqueous Fe(II) has been well
studied.71-74 Possible mechanisms of redox-driven recrystallization of these iron
(oxy)hydroxide solids have also been examined. Redox-driven recrystallization has also been
demonstrated in δ-MnO2(s)75, 76 in presence of aqueous Mn(II). Recently, redox-driven
recrystallization of two different PbO2(s)77 phases in presence of aqueous Pb(II) has also been
demonstrated. Wang et al.78 in their recent work showed evidence for isotope fractionation
between UO2(s) and aqueous U(VI) generated as a result of oxidative dissolution of the UO2(s)
at high dissolved inorganic carbon concentration (20 mM) and high pH (~9.4). However, no
substantial evidence for redox-driven recrystallization of UO2(s) in the presence of U(VI)
could be found from their results. Long-term stability of U(IV) solids under environmental
conditions can be affected by the presence of aqueous U(VI) in the bulk. Exchange of
uranium atoms between the solid U(IV) phase and aqueous U(VI) can potentially lead to
recrystallization of the U(IV) solid phase. UO2(s) is the most stable U(IV) phase, and most
environmentally relevant U(IV) solids transform to UO2(s) after aging. Hence, redox-driven
recrystallization of UO2(s) in the presence of aqueous U(VI) under environmentally relevant
pH and dissolved inorganic carbon concentration may be important to the long-term stability
of U(IV) solids in the environment.
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Figure 1.1 Redox speciation of uranium for 1 µM total U and open system (left) and
U(VI) aqueous speciation for open to atmosphere (𝑷𝑪𝑶𝟐 = 𝟏𝟎−𝟑.𝟓 𝒂𝒕𝒎) conditions
(right). (All aqueous complexation reaction constants and dissolution-precipitation reaction
constant for UO2(am) are sourced from Guillaumont et al34)

1.2 Research Objectives
Fate and transport of uranium in the subsurface environment can be controlled by
adsorption of U(VI) onto common iron (oxy)hydroxide minerals like goethite, and clay
minerals like montmorillonite. Unlike the aqueous complexation reactions and the
dissolution/precipitation reactions, no one rigorous set of surface complexation reactions
and corresponding equilibrium constants exist for either U(VI)-goethite or U(VI)montmorillonite systems. Developing robust surface complexation models for U(VI)goethite and U(VI)-montmorillonite systems will help generate comparatively better
predictions for aqueous uranium concentration in the subsurface environment where these
minerals occur ubiquitously. As the background conditions in the subsurface environment
can vary widely, a robust surface complexation model for such systems should be
developed by employing input conditions that reflect this variation in the natural
background conditions.
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Under anoxic conditions that can prevail in the subsurface environment, U(VI) can
undergo reduction to form U(IV). Montmorillonite has structural iron(III) in its 2:1 layer.
This structural Fe(III) can be reduced to structural Fe(II) by microbial reduction that can
take place in subsurface environment. Montmorillonite is also an important content of
bentonite clay which is being deliberated as the backfill material for long-term storage of
spent nuclear fuel in the deep underground repositories. Anoxic conditions in the repository
environment over a longer time will lead to reduction of structural Fe(III) present in the
montmorillonite backfill. Structural Fe(II) present in montmorillonite can potentially reduce
U(VI) to U(IV), and subsequently lead to immobilization of uranium. The mechanism of
formation of U(IV) surface species on the montmorillonite mineral surface is important to
understand as such a phenomenon can potentially control fate and transport of uranium in
anoxic subsurface environments as well as deep underground repositories. Subsurface
anoxic environments can have elevated dissolved inorganic carbon concentration. Although
U(VI) is known to form stronger aqueous complexes with DIC as compared to U(IV), the
stability of surface U(IV) species towards dissolved inorganic carbon has not been
assessed. As fate and transport of uranium under anoxic environment can potentially be
controlled by these metastable U(IV) surface species formed on the montmorillonite
surface, their stability towards dissolved inorganic carbon is important to understand under
relevant conditions.
Lastly, fate and transport of uranium in the environment is also dependent on the
stability of the U(IV) solids. UO2(s) is the most stable U(IV) solid phase found in the
environment. Due to its semiconducting nature, UO2(s) can potentially undergo
recrystallization in the presence of aqueous U(VI). This process of redox-driven
recrystallization of UO2(s) can lead to change in its morphology and hence, affect the
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solubility of the UO2(s). Therefore, the occurrence of redox-driven recrystallization of
UO2(s) under anoxic condition will also be studied in this work.
The overall objectives of this doctoral research work were to:
1. identify the sources of variation of U(VI) adsorption prediction of various previous
surface complexation models and develop more robust model for U(VI)-goethite
and U(VI)-montmorillonite systems.
2. determine the extents of U(VI) reduction by structural Fe(II) present in
montmorillonite as a function of pH and background sodium concentration and
assess the recalcitrance of the resulting surface bound U(IV).
3. develop a surface complexation model to explain U(IV) adsorption onto
montmorillonite.
4. determine whether or not redox-driven recrystallization of UO2(s) occurs in presence
of aqueous U(VI) under environmentally relevant anoxic condition.

1.3 Research Overview
The objectives were pursued in the research tasks covered in the next four chapters.
Chapters 2 and Chapter 3 address the first objective with Chapter 2 focused on goethite and
Chapter 3 on montmorillonite. Chapter 4 deals with the second and the third objectives
regarding different aspects of redox interactions between U(VI), U(IV), and both pristine and
chemically-reduced montmorillonite. Chapter 5 is focused on the fourth objective. Figure 1.2
provides an overview of the work in this dissertation.
Chapter 2 focuses on surface complexation modeling (SCM) of U(VI) adsorption onto
goethite. Twenty-one U(VI) adsorption datasets were sourced from six previous SCM studies
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on U(VI)-goethite system. Seven different previous SCMs for the U(VI)-goethite system
were selected, and their adsorption predictions were determined for each dataset. A large
Masterdataset was formed by compiling twenty-one individual smaller datasets from previous
publications. A set of robust surface complexation models were developed by employing the
Masterdataset. Performances of all seven previous SCMs as well as robust models developed
in this work were examined for each dataset.
Chapter 3 deals with surface complexation modeling of U(VI) adsorption onto
montmorillonite. Twenty different datasets were sourced from five different SCM studies on
U(VI) adsorption onto pure Na-montmorillonite. Three previous SCMs were selected for
review and intercomparison. Their adsorption predictions for each of the twenty datasets
were compared. A large Masterdataset was formed by compiling all twenty smaller datasets.
The robust model was developed in two stages. First, a subset of the large Masterdataset that
contains only those datasets where the contribution of cation exchange to adsorption of U(VI)
was negligible was employed to optimize the parameters for edge-site reactions. Second, the
cation exchange reaction parameter was optimized by employing the large Masterdataset.
Adsorption predictions of the three previous SCMs reviewed in this work were compared
with those of the robust model for each dataset.
Chapter 4 examines the reduction of surface bound U(VI) by structural Fe(II) present
in montmorillonite. A standard montmorillonite clay mineral (SWy-2) procured from the
Source Clays Repository was pretreated, sodium saturated and size fractionated to obtain
pure Na-montmorillonite clay. Na-montmorillonite was reduced by a dithionite reduction
method into Fe(II)-containing montmorillonite. Samples were prepared by reacting aqueous
U(VI) with reduced montmorillonite at different pH and sodium concentration. X-ray
absorption spectroscopy and bicarbonate extraction techniques were employed to examine the
extent of uranium reduction. The recalcitrance of surface-bound U(IV) species formed on
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reduced montmorillonite under different pH and background sodium concentration was
examined by bicarbonate extraction. Chapter 4 also presents a set of adsorption edge
experiments that were conducted to study equilibrium adsorption of U(IV) onto reduced
montmorillonite at different background sodium concentration as a function of pH. A nonelectrostatic surface complexation model was developed for U(IV) adsorption onto reduced
montmorillonite.
Chapter 5 investigates occurrence of redox-driven recrystallization of UO2(s) in the
presence of aqueous U(VI) at environmentally relevant pH and dissolved inorganic carbon
concentration. Pure UO2(s) was synthesized in the lab and characterized using X-ray
diffraction spectroscopy and scanning electron microscopy. X-ray photoelectron
spectroscopy was employed for examining presence of U(VI)/U(V) on UO2(s) surface.
Batches for isotope exchange experiments were set up by mixing isotopically different
aqueous U(VI) and UO2(s). 236U was used as tracer in the aqueous phase as UO2(s) had no
236

U. A net change in the isotope ratio (236U/238U) of aqueous U(VI) would indicate net

exchange of uranium atoms between the aqueous and solid phases, which would be caused by
redox-driven recrystallization of the UO2(s). Hence, the concentration of total dissolved U(VI)
and its isotope ratio (236U/238U) were measured for each time point. Kinetics of isotope
exchange between aqueous U(VI) and U(VI) adsorbed onto montmorillonite was also
investigated for comparison.
Chapter 6 summarizes the important findings of this doctoral research work,
highlights the implications and lays out recommendations for potential future work.
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Figure 1.2. Research synopsis of various tasks accomplished in this doctoral work.
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Chapter 2: Intercomparison and Refinement of Surface
Complexation Models for U(VI) Adsorption to Goethite
based on a Metadata Analysis
*Draft of the manuscript resubmitted to Environmental Science & Technology, January 2021

This Chapter is an outcome of a collaborative work with Qihuang Wang from Department of
Environmental Science and Engineering, Fudan University, Shanghai, China.
Sections 2.2.4 and 2.3.2 of this chapter includes works accomplished primarily by Qihuang
Wang. Preliminary contributions pertaining to these sections were provided by me.
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2.1 Introduction
Surface complexation models (SCMs) can describe adsorption of metals and
radionuclides to minerals and other inorganic sorbents by considering the formation of
metal-sorbent surface complexes. These are analogous to metal-ligand solution complexes,
but they also consider factors of interfacial charge and potential that are unique to
surfaces.79, 80, 81-83 The equilibrium constants for the formation of metal-sorbent surface
complexes are usually determined by finding the values that optimize the fit of the model
output to experimentally measured extents of adsorption. As an important partitioning
process controlling uranium mobility in subsurface environments, the uranyl-goethite
system has been studied rigorously with experimental measurements and SCMs.29, 39, 43, 46,
47, 50, 55

The Rossendorf Expert System for Surface and Sorption Thermodynamics (RES3T)

database84 is a well-recognized database of surface complexation modeling studies with a
collection of more than 5000 surface complexation reactions for various metal-ligandsorbent combinations. As of July 2020, this database includes 13 different publications on
models for U(VI) adsorption to goethite.36, 39, 42, 43, 46, 47, 50, 51, 54, 55, 85-87 These models differ
from one another in various aspects: type of electrostatic model and charge distribution,
stoichiometry of the surface complexation reactions (monodentate or multidentate), set of
the aqueous complexation reactions and corresponding equilibrium constants, type (1 pKa
or 2 pKa) and values of equilibrium constants for protonation/deprotonation of goethite, site
density of goethite, and set of the surface complexation reactions assumed in developing
the models.
Although there are many SCM studies on U(VI) adsorption to goethite, no single
critically reviewed set of surface complexation reactions with unique equilibrium constants
exists for the U(VI)-goethite system. Moreover, each of these models was developed for a
limited set of input conditions, which means limited variation in the experimental
13

conditions of U(VI) concentration, goethite concentration, and dissolved inorganic carbon
(DIC). The number of datapoints used for developing each individual model was also
limited. In many cases, even the range of studied pH was narrow (as small as 3 to 4 pH
units). The set of critically reviewed aqueous complexation reactions and the associated
equilibrium constants have been updated since the dates when many of these SCMs were
developed.88 The choice of the aqueous reactions controls the activity of free UO22+ for
surface complexation; hence, it can affect the optimization of the SCM. A more robust
model can potentially be developed by fitting a large dataset with a wide variation in the
input parameters by using the most current critically reviewed set of U(VI) aqueous
complexation reactions.
The value of data integration and model recalibration has been recognized in the
research community, and various efforts have been made to refine the models, which
include formulating reactions consistent with molecular-scale information from
spectroscopy, better constraining equilibrium constants with growing datasets, and
accounting for the variations of temperature and solid properties in different studies.30, 89-92
Dzombak and Morel80, 83 developed a seminal method to estimate log K’s of the surface
complexation reactions from different experimental conditions. They used FITEQL to find
best fits for each individual experimental adsorption edge, and then estimated the
equilibrium constants by taking the weighted average. Hiemstra and co-workers28
developed a robust model to explain adsorption of U(VI) to ferrihydrite. They compiled a
large and varied composite dataset sourced from multiple previous studies, and developed a
charge distribution multisite complexation (CD-MUSIC) model using a set of surface
complexation reactions consistent with the molecular-scale structural study findings.32, 38, 53
Kobayashi et al.45 also developed a robust model for the U(VI)-ferrihydrite system for a
large and varied dataset. Bompoti and co-workers93, 94 recently developed a hybridized
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optimization approach (MUSE) in which they combined a multi-start optimization
algorithm with a local optimizer. They determined the optimum log K’s of the surface
complexes for the chromate-Fe oxides system by performing multiple minimizations of the
mean squared errors between simulated and observed data using a large number of starting
points. Han and Katz recently explored the variability of surface complexation parameters
associated with goethite materials that had been synthesized by different approaches.95
They found that the equilibrium constants for protonation/deprotonation and those for
Cd(II) and Se(IV) surface complexation were functions of the goethite specific surface
area. Nevertheless, a study that performs a comprehensive and systematic intercomparison
of various models has not been seen in the literature so far. The availability of various
models and large datasets of U(VI)-goethite system provides an ideal benchmark to
perform such an investigation.
The objectives of this study were to 1) quantitatively examine the sources of
variation in predictions of U(VI) adsorption to goethite made using different published
SCMs and to develop a set of more robust SCMs by optimizing models to a large
composite dataset, 2) compare those globally optimized models with different levels of
complexity with respect to their abilities to fit the large composite dataset, and 3) evaluate
the relevant importance of various model settings (e.g., surface denticity, charge
distributions, carbonate adsorption) to the performance of the models. The more robust
models were built on the latest critically reviewed aqueous complexation reactions and
their equilibrium constants, and a set of surface complexation reactions were included that
are consistent with the molecular scale studies as a step towards a critically reviewed
database for U(VI)-goethite adsorption reactions. Although the recent spectroscopic
evidences constrained the most advanced CD-MUSIC model that gives consistent surface
speciation results,50 we hypothesized that some simplifications of the model would yield
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equally good model performance. If the simplified model can still provide a good
prediction of equilibrium adsorption, then the tradeoff of removing mechanistic complexity
of the models to reduce the computational intensity (especially when the model is up scaled
or coupled with reaction and transport) may be beneficial.

2.2 Methods
Several previous models on U(VI) adsorption to goethite29, 39, 43, 47, 50, 54, 55 were
reviewed and a comparison of model performance for predicting adsorption for multiple
datasets was performed. For development of a more robust model, a composite dataset that
has substantial variation in experimental conditions was compiled from six previous
studies.29, 39, 43, 47, 50, 54

2.2.1 Sources of models and datasets
Surface complexation models for U(VI) adsorption to goethite were sourced from
the RES3T database.84 We restricted our review to those studies that used pure goethite as
the sorbent (i.e., as opposed to goethite-coated sand) (Table A1.1). Each of these previous
models had been developed by their authors by optimizing the equilibrium constants for a
unique set of surface complexation reactions (Table A1.2 and Table A1.3). Different
models were optimized to different objective functions. Two of these studies used residual
sum of squares (RSS) of the observed and the model generated values of the percentage
U(VI) adsorbed, while two other studies used the RSS of the observed and the model
generated values of the logarithm of the relative adsorbed U(VI) concentration as compared
to dissolved U(VI) concentration. Details of these objective functions can be found in the
notes of Table A1.1 in the supporting information.
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Twenty-one different datasets sourced from six different studies, were compiled to
create a composite dataset (Supporting Information File SF2). Each of these datasets
corresponds to a unique input condition comprised of specific experimental conditions of
total initial U(VI) concentration (M), total goethite concentration (g/L), partial pressure of
CO2 (atm), dissolved inorganic carbon (M), ionic strength (M), goethite specific surface
area (SSA) (m2/g), pKa values and site densities. This composite dataset includes all the
datasets used for developing the individual previous SCMs.

2.2.2 Validation of existing models
For each model listed in Table A1.2, we first confirmed our ability to implement the
model to yield the same results as those in the original publication. We did this using
equilibrium calculations carried out in MINEQL+ for the input conditions used in the
original study (Table A1.1). The surface complexation reactions and aqueous complexation
reactions were taken from the same sources as used in the original publication (Supporting
Information File SF1). Adsorption edges were generated for a pH range of 2 to 12. The
almost perfect matches of the output of the published models with the output in the original
publication confirmed that we were able to reproduce the previous modeling approaches.

2.2.3 Intercomparison of models
To evaluate the robustness of a model, its performance was checked for multiple
datasets including those which had not been employed for its development. Hence, each
model was run for all twenty-one datasets. The ability of each of the nine models to predict
a given dataset was quantified using the errors between experimentally measured and
model-generated values of the percentage of U(VI) that was adsorbed. The root mean
square of these errors (RMSE) for each model-dataset pair was calculated and tabulated for
comparison. As the number of datapoints varies from dataset to dataset, RMSE was an
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appropriate quantity to compare a model’s performance for different datasets. To quantify
the robustness of the models in predicting the composite dataset, the overall RMSE for
each model was estimated.
MGM03was originally implemented only for carbonate-free conditions. Hence,
aqueous reactions for U(VI)-carbonate complexation were included when considering the
output of the surface complexation model for conditions that did include DIC. The U(VI)carbonate aqueous complexation reactions used for model MGM03 were obtained from the
same sources from which aqueous reactions for DA96 and ZB99 were obtained.

2.2.4 Refining the models using a composite dataset
The more robust models should be able to predict the larger composite dataset with
the least overall discrepancy, which means the refined models are applicable for a wider
range of aquatic chemical conditions. We used the composite dataset compiled from the
studies reviewed above to recalibrate a series of SCMs with various degrees of mechanistic
and numerical complexity. We then compared the capabilities of various models to achieve
the global goodness of fit to the composite dataset. We systematically varied the degree of
mechanistic complexity of the models from the most advanced triple plane model to the
simplest double layer model. Three critical factors we varied were (1) the charge
distribution setting: TPM or DLM; (2) the denticity setting of the surface complexation
reactions: bidentate or monodentate; and (3) the inclusion of carbonate adsorption to
goethite in the model.
EXAFS spectroscopy and Fourier-transform infrared spectroscopy (FTIR) studies34,
50, 53

of various iron (oxy)hydroxides including goethite suggested the formation of

bidentate edge and corner sharing goethite-uranyl (GU) complexes, and both bidentate and
monodentate goethite-uranyl-carbonate (GUC) complexes. Moreover, FTIR shows
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evidence for the formation of carbonate-goethite (CG) complexes96. Spectroscopic
evidence34, 50, 53, 96 was used to constrain the mechanistic considerations of the models.
We adopted a triple plane modeling framework with various combinations of the
GU and the GUC surface complexation reactions (details in the Appendix1) from Sherman
et al..50 This model was considered as a benchmark that has the highest consistency with
spectroscopic results. Previous studies showed that the surface complexes of uranium can
form on the dominant 110 surface of goethite.97 We set two surface sites- ≡FeOH0.5- and
≡Fe3O0.5- with fixed site densities of 3.03 ≡FeOH0.5- sites/nm2 and 2.78 ≡Fe3O0.5- sites/nm2.
The inner-layer and outer-layer capacitances of 1.05 F/m2 and 2.0 F/m2 respectively, given
by Sherman et al.50, 98 were used in the recalibration of our model. We modeled the surface
protonation of goethite using a 1-pK model with pKa1 = pKa2 = pKpzc, where pKpzc is the
pH at the point of zero charge. In the present study, we made two refinements to the set of
reactions in the Sherman et al. model. First, to account for carbonate adsorption onto
goethite, we adopted the spectroscopically validated modeling framework and CG surface
reactions from Villalobos et al.,96 and we used datasets from multiple previous studies99-101
to independently reoptimize their equilibrium constants. Second, the set of aqueous
reactions considered for optimization of the robust models was taken from the most recent
critically reviewed database.88 We used PEST to optimize the parameters of 21 datasets
separately and used PEST combined with a homemade program developed with Python
code to do the global optimization for each equilibrium constant (Figure 2.1). The surface
complexation reactions and charge distribution parameters are summarized in Table 2.1.
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Figure 2.1. Workflow of comparing the performance of existing models and
optimization of robust models.
The source of dataset used for development of the model is shown in parentheses: MGM03
(Missana et al., 2003); DA96 and ZB99 (Duff and Amrhein, 1996); JHLCH99 (Jung et al.,
1999); HL85 (Hsi and Langmuir, 1985); VTL01 (Villalobos et al., 2001) and SPH08
(Sherman et al., 2008). The complexity of the robust model gradually decreases from top to
bottom. The surface species considered in different robust models are represented by
different colors: green (dimer), blue (bidentate), red (monodentate).
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Table 2.1. Surface complexation reactions, charge distribution of surface species and
electrostatic model parameters considered in the robust triple plane models.
Site density (sites/nm 2)
Capacitance (F/m2)
≡FeOH0.53.03
inner-layer
1.05
0.5≡Fe3O
2.78
outer-layer
2.0
Surface complexation reaction
ΔZ1
ΔZ2
log K*
Primary charging reactions of goethite
9.2
≡FeOH0.5- + H+ ⇌ ≡FeOH20.5+
0.5+
0.5+
9.2
≡Fe3O + H ⇌ ≡Fe3OH
0
1
-1
≡FeOH0.5- + Na+ ⇌ (≡FeOH)Na0.5+
0.5+
0.51
-1
8.2
≡FeOH + H + NO3 ⇌ (≡FeOH2)NO3
0.5+
0.51
-1
8.7
≡FeOH + H + Cl ⇌ (≡FeOH2)Cl
1
-1
7.5
≡FeOH0.5- + H+ + ClO4- ⇌ (≡FeOH2)ClO40.50.5+
0.5+
0
1
-1
≡Fe3O + Na ⇌ (≡Fe3O)Na
0.5+
0.51
-1
8.2
≡Fe3O + H + NO3 ⇌ (≡Fe3OH)NO3
1
-1
8.7
≡Fe3O0.5- + H+ + Cl- ⇌ (≡Fe3OH)Cl0.50.5+
0.51
-1
7.5
≡Fe3O + H + ClO4 ⇌ (≡Fe3OH)ClO4
Surface complexation reactions of carbonate on goethite
-0.67
-13.8#
2≡FeOH20.5+ + CO32- ⇌ (≡FeO)2CO- + 2H2O
1.33
0.5+
-0.75
-18.7#
2≡FeOH2 + HCO3 ⇌ (≡FeO)2COOH + 2H2O
0.25
0.5+
21.5-0.65
-7.3#
≡FeOH2 + CO3 ⇌ (≡FeO)2CO2 + H2O
1.35
0.5+
20.5-0.71
-7.9#
≡FeOH2 + HCO3 ⇌ (≡FeO)2COOH + H2O
0.29
Surface complexation reactions of uranium on goethite
2
0
14.39$
2≡FeOH0.5- + UO22+ ⇌ (≡FeOH)2UO2+
2
0
9.01$
2≡FeOH0.5- + 2UO22+ + 2H2O - 2H+⇌
(≡FeOH)2(UO2)2(OH)2
2
-2
21.58$
2≡FeOH0.5- + UO22+ + CO32- ⇌ (≡FeOH)2UO2CO30.52+
2+
-1
2
16.34$
≡FeOH
+ UO2
+ CO3
+ H
⇌
0.5+
(≡FeO)CO2UO2 + H2O
Note: *Values taken from Sherman et al.50 unless indicated otherwise.
#
optimized independently for carbonate sorption data sourced from multiple studies.99-101
$optimized equilibrium constant from best-fit triple plane model (TPM-UC-BBDM).
We also developed the diffuse double layer models calibrated with the same
composite dataset. The diffuse double layer models disregarded the charge distribution and
the crystallographic constraints on the surface sites. Therefore, a site density of 2.31
sites/nm2 (as per the recommendation of Davis and Kent102) with a 2-pK surface
protonation modeling formalism (pKa1 = 6.9 and pKa2 = -10.9 where pKpzc = 8.9) was
assumed. The CG surface reactions from Villalobos et al.,96 were simplified to the double
21

layer model framework, and their corresponding equilibrium constants in DLM were
recalibrated using datasets from multiple previous studies.99-101 The extreme case of the
model with the lowest mechanistic and numerical complexity was a DLM with only two
monodentate surface complexes and ignoring carbonate adsorption (DLM-U-MM). We
evaluated this simplest model as well as forms in which mechanistic complexity was
introduced by 1) formulating the reactions with the real denticity of the surface complexes,
2) accounting for carbonate adsorption, 3) and differentiating the charge distributions of
inner and outer sphere surface complexes (Figure 2.1). Following a systematic roadmap,
we developed a total of 12 models with different complexities in their formulations and
thus different levels of consistency to the mechanistic constraints of the surface complexes
(Table A1.4).
Table 2.2. Surface complexation reactions considered in the robust double layer models.
Surface complexation reaction
log K
Primary charging reactions of goethite
6.9*
≡FeOH + H+ ⇌ ≡FeOH2+
-10.9*
≡FeOH ⇌ ≡FeOH2-+ H+
Surface complexation reactions of carbonate on goethite
12.9#
≡FeOH + CO32- + H+ ⇌ (≡FeO)COO- + H2O
2+
19.5#
≡FeOH + CO3 + 2H ⇌ (≡FeO)COOH + H2O
Surface complexation reactions of uranium on goethite
/
≡FeOH + UO22+ + H2O ⇌ (≡FeOOH)UO2 + 2H+
2+
+
-2.97$
2≡FeOH + UO2 ⇌ (≡FeO)2UO2 + 2H
2+
29.26$
≡FeOH + UO2 + CO3 ⇌ (≡FeOH)UO2CO3
16.44$
2≡FeOH + UO22+ + CO32- ⇌ (≡FeOH)2UO2CO3
Note: *Values taken from Villalobos and Leckie96.
#
optimized independently for carbonate adsorption data sourced from multiple studies.99-101
$optimized equilibrium constant from best-fit double layer model (DLM-U-BBM).

2.3 Results and discussion
2.3.1 Performance of the reviewed existing SCMs
Not surprisingly most models provided good fits to the datasets used to develop
them, but their ability to predict adsorption for other datasets varied widely (Figure 2.2).
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For experimental conditions with no DIC, adsorption predictions of SPH08_C model for
most datasets were up to the mark. Only exceptions were datasets 4a and 6a for which
SPH08_C showed underprediction for pH<6 and pH>6 respectively. DA96 overpredicted
adsorption for pH above 4. Except for the datasets used for its development, JHLCH99
underpredicted adsorption for pH values between 4 and 6 and above 8. In the near-neutral
pH range of 6 to 8, complete adsorption was predicted by all models. For experimental
conditions with DIC, SPH08_C predictions for systems with high DIC (higher than open to
atmosphere conditions) were much higher than the observed values for pH<6. JHLCH99
predictions changed from underpredicting at low pH to overpredicting above a threshold
pH, expanding the adsorption envelope to higher pH. Under experimental conditions with
DIC and open systems, HL85 overpredicts adsorption for the entire pH range of 2 to 12.
However, for closed systems, its predictions were either smaller than or on par with the
observed values. The robustness of all nine SCMs reviewed in this study was determined
by comparing their RMSEs for each dataset (Table A1.3). For most of the datasets that
were used for developing a particular model, the RMSE was the minimum for that model.
When RMSEs for the composite dataset of all nine models were compared, RMSE for
SPH08_C was the lowest and was followed by that of DA96 and MGM03 (Table A1.5).
Trends of adsorption prediction of different models for each dataset has been shown in
supporting information. As performance of SPH08_C was much better than other two
models developed by Sherman et al., 2008 (SPH08_A and SPH08_B) for a large range of
datasets, performances of SPH08_A and SPH08_B has not been compared with other
previous models. The variation of RMSEs for different reviewed models for different
datasets is shown in Figure 3(a) and Table A1.5.
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Figure 2.2. Adsorption edges generated by various models for datasets used to develop
these models. Symbols are experimental data and lines are model fits.
(1) U(VI) 0.44 µM, SSA 35 m2/g, no DIC and total goethite (a) 2 g/L (b) 0.16 g/L; (2) U(VI)
8.4 µM, SSA 58.6 m2/g, total goethite 8 g/L and DIC (a) 10-2.66 atm (b) 10-1.3 atm (c) 10-0.04
atm; (3) U(VI) 100 µM, SSA 52 m2/g, (a) no DIC and total goethite 1.2 g/L, (b) no DIC and
total goethite 12 g/L, (c) DIC 10-3.4 and total goethite 1.2 g/L, (d) DIC 10-3.4 and total goethite
12 g/L; (4) U(VI) 1 µM, SSA 45 m2/g, total goethite 1 g/L and DIC (a) no DIC (b) 10-3.49
atm (c) 10-1.69 atm; (5) U(VI) 10 µM, SSA 45 m2/g, total goethite 1 g/L and DIC (a) no DIC
(b) 1mM (c) 10mM. (6) SSA 45 m2/g, total goethite 0.09 g/L (a) no DIC and U(VI) 10 µM
(b) no DIC and U(VI) 1 µM (c) no DIC and U(VI) 0.1 µM (d) 10-3.5 atm CO2 and U(VI) 10
µM (e) 10-3.5 atm CO2 and U(VI) 1 µM (f) 10-3.5 atm CO2 and U(VI) 0.1 µM.
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2.3.2 Performance of the robust models
Our workflow for developing robust models was to first develop the most
physically realistic and complex model (TPM-UC-BBDM), which is a triple plane model
where carbonate-goethite complexation was taken into consideration by assuming
additional CG reactions apart from the GU and the GUC surface complexation reactions.
The model includes a bidentate monomeric GU complex, a bidentate dimeric GU complex,
and two monomeric (one bidentate and one monodentate) GUC complexes (Table 2.1).
After that, we got a series of gradually simplified robust models by removing the
consideration of adsorption of carbonate on the goethite surface, the charge distribution in
the surface complex species and the bidentate complex in the model in turn (Figure 2.1).
The immediate benefit of the robust models recalibrated by the composite dataset
was the dramatically suppressed fluctuations of RMSE values across the wide range of
different experimental systems (compare Figures 2.3a and 2.3b). Such an improvement
could be realized to a large extent regardless of the different types of models used. It
demonstrated that the workflow of model refinement through metadata synthesis and
recalibration was effective. The robust models with smaller total RMSE could be applied
with more confidence to bracket wide water chemistry conditions that natural or
engineering aquatic systems may have.
Although the overview of RMSE variations (Figure 2.3) highlights the overall
improvements, detailed evaluations of the model fitting to each dataset could pinpoint the
specific conditions where one model outperforms the other (Figure 2.4). It should be noted
that a mismatch of the predicted adsorption pH edge (where the percent sorbed changes
most dramatically) by one pH unit usually means one order of magnitude gap in the
apparent partition coefficient. For the experimental conditions with no DIC, various models
performed equally well, as the datasets only contained a single feature of the pH edge of
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increasing at low pH. When DIC is present additional factors of ternary GUC surface
complex formation, aqueous U(VI)-carbonate complexation, and carbonate adsorption
could affect model performance. Given the ubiquitous occurrence of carbonate in aquatic
systems, disentangling the impacts of DIC on the robustness of the SCMs for U(VI)
sorption to goethite is critical to the central task of this work.

Figure 2.3. Root mean square of errors (RMSE) between observed and predicted values
of percentage U(VI) adsorbed for each dataset for (a) reviewed models and (b) best
(TPM-UC-BBDM and DLM-U-BBM) and worst (TPM-U-BBM and DLM-UC-MM)
robust models.
Note: Refer Tables A1.1 and A1.2 for the details of reviewed models and the robust models
respectively.
RMSEs of all 7 reviewed models and all 9 robust models developed in this work are shown
in Tables A1.3 and A1.4 respectively.
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Figure 2.4. Adsorption edges generated by best (TPM-UC-BBDM and DLM-U-BBM)
and worst (TPM-U-BBM and DLM-UC-MM) robust models for each dataset.
Symbols are experimental data and lines are model fits. The input conditions of each dataset
are shown in Figure 2.2 and Table A1.1.

We later compared the calculated minimal RMSE for each model to fit the
composite dataset and ranked them on their mechanistic complexity and numerical
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complexity (Figure 2.5). The best-fit model for the entire composite dataset was found to
be TPM-UC-BBDM. The RMSE of the best-fit model was 12.24 with a correlation
coefficient >0.95. The triple plane robust model without the dimeric GU species (TPMUC-BBM) had a RMSE marginally higher than the RMSE of the best-fit model at 12.89.
Detailed examination found that the dimer surface complex was required and would
emerge when the surface coverage of U(VI) on goethite becomes high and this species was
postulated by Sherman et al. with spectroscopic evidence.103

Figure 2.5. The root mean square of errors (RMSE) between observed and predicted
values of percentage U(VI) adsorbed for each dataset for each robust model with
different model complexity.
Note: UC = both carbonate and uranium surface complexation are considered in the model
U = only uranium surface complexation is considered
B = bidentate, M = monodentate and D = dimer.
For example, UC-BBDM means this is a model where adsorption of both carbonate and
uranyl onto goethite are considered with two bidentate, one monodentate and one dimer
uranyl surface complexation species.

The double layer models comprised of bidentate GU and GUC complexes resulted
in the RMSE values of the same range as the triple plane models. However, the RMSEs of
the monodentate-only double layer models were dramatically higher as compared to other
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models, including their counterparts that simply modified one or two reactions to be
bidentate. This supports the spectroscopic evidence of U(VI) bidentate complexation on the
surface of goethite. The formulation of bidentate complexation in the SCM is indeed
critical to the capability of the models to predict U(VI) adsorption. The best-fit double layer
model (DLM-U-BBM) has two (one GU and one GUC) bidentate surface complexation
reactions and no additional carbonate-goethite surface complexation reactions (Table
A1.3). The resultant RMSE is 12.97 with a correlation coefficient of 0.9499. The
differences between RMSEs of the models that considered carbonate adsorption and the
models that ignored it were very small (Figure 2.5). While the adsorption of carbonate may
alter the surface site availability, in most conditions those reactions are not critical to the
capability to predict adsorption data. All the robust models with the optimum log K’s of the
corresponding surface reactions and their 95% confidence interval values are shown in
Table A1.3 and Supporting Information File SF3. The robust models’ output for each
dataset has been shown in Figures 2.4 and A1.3.
Although there have been postulations and occasional examples suggesting that
setting up the SCMs with spectroscopically or computationally (e.g. DFT) validated surface
reactions and charge distribution settings are helpful to refine the fitting of the models to
the experimental data, our present analysis provide systematic validation of this hypothesis
using well-defined benchmarks. Through the evaluation of different models sequentially
recalibrated using the same composite dataset, we observed a trend that more
mechanistically complex models with high levels of mechanistic consistency provided a
better fit to experimental data. We highlight several features of this trend in Figure 2.5.
First, the state-of-the-art triple plane model (TPM-UC-BBDM) indeed gave the best overall
fit to the composite dataset. Just because this model is so optimally constrained, any
simplification of the model would result in a noticeable increase of their RMSE. Second, if
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we keep the surface reaction stoichiometry the same (BBM), the recalibrated models set up
using either TPM or DLM formulation gave similar goodness of fit to the composite
dataset. Third, while the inclusion of carbonate adsorption improves the model’s
representation of all of the relevant processes, it did not have a strong influence on the
model performance (Figure A1.4). Last but not least, we showed that the bidentate nature
of uranyl surface complexes is a critical factor for the model performance. Monodentate
reactions may be able to fit an individual sorption edge, but they cannot fit our large
composite dataset. The benefit of including bidentate surface complexes was consistently
true in our analysis even though the comparison has been made among models with the
same number of fitting parameters.
The input condition employed for development of the robust models in this study
included a wide range of initial U(VI) concentration (from 0.1 µM to 100 µM), initial
goethite dose (from 0.09 g/L to 12 g/L), partial pressure of CO2 (from 10-4.7 atm to 10-0.038
atm), DIC (from 0 mM to 10mM) and pH (from 3 to 10). In order to investigate the
robustness of the best-fit models, their performances were examined for an independent
validation dataset which had not been employed for development of these robust models.
The validation dataset was sourced from Dong et al.104 Both TPM-UC-BBDM and DLMU-BBM performed well in predicting the adsorption output (Figure A1.5). The resultant
RMSEs for the validation dataset for models TPM-UC-BBDM and DLM-U-BBM were
3.48 and 12.05 respectively, indicating the superiority of the best-fit triple plane model
over the best-fit double layer model in predicting the validation dataset.
We used the best-fit robust model TPM-UC-BBDM as a benchmark, and compared
the U(VI) adsorption predictions of other robust models under pH (between 2 to 12) and
total U(VI) loadings (between 0.1 µM to 1 mM) in both DIC-free systems and open
systems with the benchmark model (Figure A1.6). With decreasing model complexity, the
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difference between the robust model and the benchmark model in the prediction of U(VI)
adsorption becomes larger. There is a large difference of adsorption predictions between
the triple plane models and the double-layer models, especially the overestimation of U(VI)
adsorption prediction of double-layer models under high total U(VI) loading. Following
this, the best-fit double-layer model considering bidentate complexation (DLM-U-BBM)
was used as a benchmark. The double-layer model considering only monodentate
complexation overestimates the adsorption of U(VI) at high pH while the triple plane
model considering charge distribution has little difference in adsorption edges. Above
results are consistent with our analysis of RMSE of different robust models (Figure 2.6 and
Figure A1.7).

2.3.3 Environmental implications
Adsorption of uranium to goethite is an important partitioning equilibrium that
controls uranium mobility in subsurface environments, for which many different surface
complexation models have been developed. Most previous models were developed for a
limited set of input conditions, and the present study is a step towards a more robust set of
surface complexation reactions to interpret adsorption of U(VI) aqueous species to
goethite. The models developed in this study for the composite dataset provided more
robust predictions of the extent of adsorption of U(VI) to goethite than those of previous
models. This study also provides a framework for developing a single set of equilibrium
constants for surface complexation reactions that can interpret adsorption of U(VI) to
goethite for a particular electrostatic formulation (triple plane and double layer in this
case). Such an effort could be conducted entirely using data that have already been
generated by previous studies. After models have been developed using composite datasets
for enough minerals, adsorption to real sediments (i.e. not single minerals) could
potentially be predicted using a component additivity approach.37, 104 Unlike aqueous
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speciation models, achieving a universally accepted (for all electrostatic types of
modelling) set of surface reactions and equilibrium constants may never be completely
possible as the constants for SCMs will still depend on the choice of electrostatic model.
Nevertheless, the present study demonstrated the benefit in having one or two models that
work best and could be used by the community as the critically reviewed DLM and TPM
models for the specific system.

Our optimization of a series of models with different complexity showed that the
most important factor that affects the quality of fitting to the large composite dataset is the
stoichiometry of surface complex species. Our results quantitatively confirmed the
importance of incorporating spectroscopic evidence into the surface complexation reaction
formulation. Comparing the fitting of different models, the double layer model which
considered monodentate and bidentate GU and GUC complexes (whether or not
considering carbonate adsorption) is good enough to predict the uranium adsorption to
goethite. Refining the charge distribution and carbonate competitive adsorption processes
in the SCM improve the physical constrains of the model, but the benefit of such
refinement is probably marginal. Such observations were sporadically reported in the
literature105, 106 and we present a systematic intercomparison of the models based on a large
set of metadata. Selecting one model over the other would depend on the specific
objectives of the model applications, as any model will necessarily reflect only certain
aspects of reality, with different focus and different degrees of complexity. A delicate
balance between the scientific pursuit and pragmatic need must be kept. Therefore, even if
triple plane model has the best fit to the experimental data in the composite data set, double
layer model is good enough for modeling in most conditions.
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Arriving at robust sets of surface complexes and equilibrium constants determined
from optimizing large datasets compiled from numerous previous studies would benefit the
scientific community by identifying priority needs for new data to reduce uncertainty in
model predictions and enabling better reactive transport models for predicting the fate and
transport of uranium in environmentally relevant systems.107-109 Assembling literature
datasets and performing reanalysis as in the present study are of values to the community,
and the presented methodology would shed lights to other important sorbate-sorbent
systems.

Associated Content
The Supporting Information is available free of charge at pubs.acs.org. It includes the
derivation of a correction term for accounting for differences in specific surface areas and a
derivation of a generic expression for the molar concentration of adsorbed U(VI). It
discusses sources of variation in adsorption predictions for the different models reviewed.
Tables of input conditions and surface reactions ae included along with indicators of model
fit. Figures related to the sources of variation among studies as well as outputs of multiple
models in this study are also included.
Tables of aqueous equilibrium constants used in previous studies (SF1.xlsx) and of
the composite dataset used for model optimization (SF2.xlsx) and aqueous equilibrium
constants used in each best-fit model of each dataset used for model optimization
(SF3.xlsx) are provided.
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Chapter 3: Intercomparison of surface complexation
models for U(VI) adsorption on montmorillonite and
development of a robust model
*Advanced draft of the manuscript to be submitted to Environmental Science & Technology

3.1 Introduction
Uranium is a significant heavy metal contaminant in the subsurface. Minerals play
an important role in controlling uranium mobilization in the subsurface. Clay minerals are a
significant fraction of the natural minerals that occur in the subsurface. Many countries
have proposed using bentonite clay as a buffer material for long-term confinement of spent
nuclear fuel (SNF) in deep underground repositories.110-119 In some cases such repositories
are proposed to be constructed in clay-rich sedimentary rocks.116-119 Montmorillonite, a 2:1
smectite, is the major fraction (~80%) of the bentonite clay and it also occurs in the natural
environment. Surface complexation modeling of uranium adsorption onto clay minerals has
been studied extensively in last few decades. Consequently, multiple different surface
complexation models of U(VI) adsorption onto montmorillonite are available. Models for
any single U(VI)-sorbent system are comprised of different sets of surface complexation
reactions and their corresponding equilibrium constants. Recently, efforts have been made
to develop robust surface complexation models for metal ion adsorption onto
iron(oxy)hydroxides using large and varied datasets already available from previous
literature.28, 45, 80, 93, 94 However, to the best of our knowledge no such attempt has been
made for any clay mineral. There are at least 12 different surface complexation modeling
studies focusing on U(VI) adsorption onto montmorillonite.56, 57, 59-65, 120-122 Out of these, 10
studies56, 57, 59-63, 120-122 were listed in the Rossendorf Expert System for Surface and
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Sorption Thermodynamics (RES3T)84 database. Two studies64, 65 that were published
recently were not included in the RES3T database.
Clay minerals have layered structures with interlayer spacing comparable to the size
of constituent atoms. The classical Gouy-Chapman surface charge density framework that
is used for relating surface charge and surface potential on metal oxide and (oxy)hydroxide
minerals cannot be applied for clay minerals because of the stacked arrangement of the clay
layers.123-126 A 2-dimensional Poisson Boltzmann Equation (2D-PBE) near the edge surface
of an isolated montmorillonite layer was solved by Bourg et al., 2007127 for systems with
ionic strength <0.2. This 2D-PBE solution was used to find edge-site surface potential as a
function of edge site charge density by Tournasssat et al., 2016128 in their montmorillonite
edge surface acid-base reactions.
When developing surface complexation models for systems involving any clay
mineral, the presence of fixed charge cation exchange sites also has to be considered.
Montmorillonite is characterized by its 2:1 layered structure and high specific surface area.
N2-BET measurements for montmorillonite clay samples give specific surface area values
ranging between 700-850 m2/g. Each layer of montmorillonite has an octahedral sheet
sandwiched between two tetrahedral sheets. The dominant metal atoms in the octahedral
and the tetrahedral sheets (Al and Si respectively) have partial isomorphic substitution by
atoms of lower valency, leading to generation of negative charge in the entire structure of
the clay mineral. When estimating the edge surface potential, the effect of this structural
permanent negative charge, called spillover effect, must be considered separately. A stateof-the-art technique for calculation of edge-site potential has only been implemented
recently by Tournassat et al., 2018.64 They considered the spillover effect along with a 2DPBE boundary layer solution127 to account for the edge site potential of the montmorillonite
sorbent. Although Tournassat et al.64 applied this method to account for surface potential
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estimation, their work was limited to optimization of the edge site reactions under high pH
and in the presence of background calcium. No cation exchange reaction(s) were assumed
in the modeling effort and hence, no optimization of any possible cation exchange reaction
was done. Moreover, their model was developed using only the datapoints that were
generated as part of their study. They did not use any previous data to optimize their model.
In natural environmental conditions this structural charge in the clay is balanced by
accumulation of common cationic species like Na+ or Ca2+. Under acidic pH, U(VI) occurs
as the uranyl oxycation (UO22+) and aqueous complexes with hydroxyl ion that are
cationic; at neutral and more basic pH, anionic U(VI)-hydroxide and U(VI)-carbonate
complexes are dominant. Therefore, U(VI) can compete with Na+ or Ca2+ for binding onto
the interlayer spacing. These interlayer binding sites are commonly known as cation
exchange sites. For U(VI)-montmorillonite system cation exchange sites are important at
low pH (< 4) and at a low background sodium/calcium concentration as compared to the
total sorbent concentration. The adsorption of U(VI) cations onto cation exchange sites
takes place on a one-to-one charge basis, and consequently no change in the structural
charge will take place due to adsorption of U(VI) cations onto cation exchange sites.
Modeling the interaction of cationic species with montmorillonite interlayer sites in a
quasi-thermodynamic approach was described by Fletcher and Sposito in their seminal
work129.
The objectives of this work were to compare performances of a set of surface
complexation models for predicting U(VI) adsorption and to develop a state-of-the-art
surface complexation model to account for U(VI) adsorption onto montmorillonite under
varying input conditions. Three different previous models which differ from each other in
their modeling framework were selected for review. The new robust model was developed
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using a 4-pK diffuse layer electrostatic framework for edge sites with 4 U(VI) surface
complexes forming on edge sites and the inclusion of a single cation exchange reaction.

3.2 Methods
3.2.1 Sources of datasets
A large number of datapoints on U(VI) adsorption onto montmorillonite is available
from multiple previous studies that have been conducted.56, 59-62, 120 We selected datapoints
from only those studies that had used some form of standard sodium montmorillonite with
a known cation exchange capacity as sorbent (Table 3.1). Many of these studies focus on
conditions under which cation exchange reactions will not contribute to adsorption of
U(VI). Positively charged aqueous species of U(VI) are dominant at low to near-neutral
pH. Whereas, the dominant aqueous species of U(VI) at pH>7 (whether in presence or in
absence of carbonate) are negatively charged. Therefore, the effect of negatively charged
cation exchange sites becomes important only at a low to near-neutral pH. Moreover, even
when the pH is low enough so that positively charged U(VI) aqueous species do become
dominant, U(VI) adsorption at the cation exchange sites could be suppressed by a high
background sodium/calcium concentration. Based on our observation of U(VI) adsorption
extents at low pH for different compiled datasets, they were subdivided into two categories:
Type A (datasets with no significant cation exchange contribution) and Type B (datasets
with significant cation exchange contribution). This categorization was done based on
observed percentage U(VI) adsorption extents at pH < 4. If the adsorption extent of U(VI)
in a dataset was < 20% for pH < 4, that dataset was listed as Type A. All other datasets
were listed as Type B. All Type A datasets listed in Table 1 (1a, 2b, 2c, 2d, 3b, 3d, 3f, 5a,
5b, 5c, 5d and 5e) were compiled into Masterdataset 1 (Supporting File 3.1), and the
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remaining datasets. (1b, 1c, 2a, 3a, 3c, 3e, 4a and 4b) were compiled into Masterdataset 2
(Supporting File 3.1). Masterdatasets 1 and 2 include 188 and 131 datapoints, respectively.
Masterdatasets 1 and 2 were combined to form a Composite Masterdataset (Supporting File
3.1) with 319 datapoints.
Table 3.1. Input conditions for the datasets used for generation of the Masterdatasets.
Data
set
ID

Electrolyte

PCO2

IS
(mM)

Uin
(µM)

Solid
Conc.
(g/L)

Uin/solid
(µmol/g)

Sorbent
Type

CEC
(mol/kg)

Dataset
Type

1a

NaClO4

-10

100

8.4

0.5

16.80

SWy-1

0.8

A

1b

NaClO4

-10

10

8.4

0.5

16.80

SWy-1

0.8

B

1c

NaClO4

-10

1

8.4

0.5

16.80

SWy-1

0.8

B

2a

NaNO3

-3.5

100

0.245

3.2

0.08

SAz-1

1.2

B

2b

NaNO3

-3.5

100

0.206

0.27

0.76

SAz-1

1.2

A

2c

NaNO3

-3.5

100

0.21

0.028

7.50

SAz-1

1.2

A

2d

NaNO3

-3.5

100

2

0.28

7.14

SAz-1

1.2

A

3a

NaNO3

-4.4

1

0.1

6.2

0.02

SWy-2

0.9

B

3b

NaNO3

-4.4

100

0.1

6.2

0.02

SWy-2

0.9

A

3c

NaNO3

-4.4

1

10

6.2

1.61

SWy-2

0.9

B

3d

NaNO3

-4.4

100

10

6.2

1.61

SWy-2

0.9

A

3e

NaNO3

-4.4

1

100

6.2

16.13

SWy-2

0.9

B

3f

NaNO3

-4.4

100

100

6.2

16.13

SWy-2

0.9

A

4a

NaClO4

-10

100

100

10

10.00

SWy-1

0.63

B

4b

NaClO4

-10

100

1

10

0.10

SWy-2

0.63

B

5a

NaClO4

-10

100

0.09

0.9

0.10

SWy-1

0.85

A

5b

NaClO4

-3.5

100

0.09

2.5

0.04

SWy-1

0.85

A

5c

NaClO4

5*

100

0.09

4.3

0.02

SWy-1

0.85

A

5d

NaClO4

3*

100

0.09

4.3

0.02

SWy-1

0.85

A

5e

NaClO4

1*

100

0.09

4.3

0.02

SWy-1

0.85

A

Source

McKinley et
al., 1995120

Pabalan et al.,
199662

Hyun et al.,
200160

KowalFouchard et
al., 200461

Marques
Fernandes et
al., 201259

Note: *Dissolved inorganic carbon in mM, PCO2=partial pressure of CO2(g) in log (atm) unless
otherwise stated, IS= ionic strength, Uin=initial dose of uranium, Uin/solid=U(VI)-sorbent
ratio and CEC= cation exchange capacity.
Type A: < 20% U(VI) adsorption for pH < 4 and Type B: > 20% U(VI) adsorption for pH <
4.

3.2.2 Selection of previous modeling studies for review
Multiple different surface complexation modeling studies are available for U(VI)
adsorption onto Na-montmorillonite, which differ from each other on many aspects. A
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seminal work on surface complexation modeling of U(VI) adsorption onto montmorillonite
is that of McKinley and coauthors.120 They chose a triple layer modeling framework with
two edge site types- aluminol and silanol, and one single reaction to account for cation
exchange. The authors developed three different triple layer models with different logK’s
for the uranyl surface complexation reactions. Out of the three models the best-fit model
(labeled as MZST95a) was selected for review in this work. The set of uranyl aqueous
complexation reactions with their equilibrium constants were sourced from Grenthe et al.,
1992.130 All the surface complexation reactions considered in modeling are listed in Table
3.2. Following this work, Pabalan et al., 1998121 developed a double layer model (PTBP98)
where aqueous complexation of U(VI) in presence of DIC was considered. However, no
reaction(s) were included for possible U(VI)-carbonate ternary surface complexation or
cation exchange. The authors also acknowledged the limitation of their model in predicting
adsorption at low pH. Hence, in order to review the performance of the double layer model
for the entire pH range of ~2 to ~10, we also included the cation exchange reaction along
with the reaction constant proposed by McKinley et al.120 in PTBP98 model to obtain a
modified model- PTBP98x. All the surface reactions assumed in this modified model
(PTBP98x) are listed in Table 3.3. Like MZST95a, the uranyl aqueous complexation
reactions for PTBP98 were taken from Grenthe et al., 1992.130 Although McKinley et al.120
and Pabalan et al.62 considered triple layer and double layer frameworks respectively, they
did not consider the effect of dissolved inorganic carbon (DIC) on surface speciation.
Following these initial modeling studies many different surface complexation modeling
studies have been conducted.56, 59-61 Apart from the two electrostatic models, we also
selected a non-electrostatic surface complexation model developed by Marques Fernandes
et al., 201259 (MBDSB12) for review. This model was developed using datasets collected
in varying DIC conditions. Three types of edge sites, one strong and two weak, were
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assumed. The MBDSB12 model also included a uranyl-sodium cation exchange reaction.
All the surface complexation reactions included in MBDSB12 are listed in Table 4. The
aqueous complexation reactions used by the authors were sourced from Guillaumont et al.,
2003.3 Adsorption predictions for each of the datasets listed in Table 3.4 were generated for
all three previous models reviewed in this study.
The estimation of edge surface potential in the double layer or the triple layer
models was done by assuming the classical framework applicable for infinite planar edge
surface. Edge specific surface area in the range of ~35 m2/g was employed in these models
(MZST95a and PTBP98x). However, montmorillonite has a layered structure with an
interlayer spacing comparable to that of the size of adsorbing atoms. Moreover, the effect
of permanent negative charge on the edge surface potential was also not considered in these
modeling efforts. As dealing with the complexity of the exact charge density calculation for
such a system was not resolved, employing non-electrostatic modeling framework could be
a simplistic modeling approach for U(VI)-montmorillonite system.
Table 3.2. Surface complexation reactions for the triple layer model MZST95a120
Surface reaction
Surface complexation reaction
logK
type
12.3
≡ 𝐴𝑙𝑂𝐻 + 𝐻 + ↔ ≡ 𝐴𝑙𝑂𝐻2+
−
+
-13.16
≡ 𝐴𝑙𝑂𝐻 ↔ ≡ 𝐴𝑙𝑂 + 𝐻
≡ 𝐴𝑙𝑂𝐻 + 𝑁𝑎+ ↔ ≡ 𝐴𝑙𝑂− 𝑁𝑎+ + 𝐻 +
-10.37
Edge-site
+
−
−
+
acid-base
10.15
≡ 𝐴𝑙𝑂𝐻 + 𝐶𝑙𝑂4 + 𝐻 ↔ ≡ 𝐴𝑙𝑂𝐻2 − 𝐶𝑙𝑂4
+
+
reactions
-0.95
≡ 𝑆𝑖𝑂𝐻 + 𝐻 ↔ ≡ 𝑆𝑖𝑂𝐻2
≡ 𝑆𝑖𝑂𝐻 ↔ ≡ 𝑆𝑖𝑂− + 𝐻 +
-6.95
+
−
+
+
-6.6
≡ 𝑆𝑖𝑂𝐻 + 𝑁𝑎 ↔ ≡ 𝑆𝑖𝑂 𝑁𝑎 + 𝐻
2+
+
+
7.1
≡ 𝐴𝑙𝑂𝐻 + 𝑈𝑂2 ↔ ≡ 𝐴𝑙𝑂𝑈𝑂2 + 𝐻
2+
≡ 𝐴𝑙𝑂𝐻 + 3𝑈𝑂2 + 5𝐻2 𝑂 ↔
-31.35
Edge-site uranyl
≡ 𝐴𝑙𝑂(𝑈𝑂2 )3 (𝑂𝐻)5 + 6𝐻 +
complexation
0.146
≡ 𝑆𝑖𝑂𝐻 + 𝑈𝑂22+ ↔ ≡ 𝑆𝑖𝑂𝑈𝑂2+ + 𝐻 +
reaction
2+
≡ 𝑆𝑖𝑂𝐻 + 3𝑈𝑂2 + 5𝐻2 𝑂 ↔
-32.35
≡ 𝑆𝑖𝑂(𝑈𝑂2 )3 (𝑂𝐻)5 + 6𝐻 +
Cation exchange
0
2𝑁𝑎𝑋 + 𝑈𝑂22+ ↔ 𝑈𝑂2 𝑋2 + 2𝑁𝑎+
2
2
Edge specific surface area=31 m /g, Site density (≡AlOH=0.38 sites/nm , ≡SiOH=0.43
sites/nm2),
Cation exchange capacity=0.8 mol/kg
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Table 3.3. Surface complexation reactions for the double layer model PTBP98x62
Surface reaction
Surface complexation reaction
logK
type
8.33
≡ 𝐴𝑙𝑂𝐻 + 𝐻 + ↔ ≡ 𝐴𝑙𝑂𝐻2+
Edge-site
−
+
acid-base
-9.73
≡ 𝐴𝑙𝑂𝐻 ↔ ≡ 𝐴𝑙𝑂 + 𝐻
−
+
reactions
-7.2
≡ 𝑆𝑖𝑂𝐻 ↔ ≡ 𝑆𝑖𝑂 + 𝐻
2.7
≡ 𝐴𝑙𝑂𝐻 + 𝑈𝑂22+ ↔ ≡ 𝐴𝑙𝑂𝑈𝑂2+ + 𝐻 +
2+
≡ 𝐴𝑙𝑂𝐻 + 3𝑈𝑂2 + 5𝐻2 𝑂 ↔
-14.95
Edge-site uranyl
≡ 𝐴𝑙𝑂(𝑈𝑂2 )3 (𝑂𝐻)5 + 6𝐻 +
complexation
2.6
≡ 𝑆𝑖𝑂𝐻 + 𝑈𝑂22+ ↔ ≡ 𝑆𝑖𝑂𝑈𝑂2+ + 𝐻 +
reaction
2+
≡ 𝑆𝑖𝑂𝐻 + 3𝑈𝑂2 + 5𝐻2 𝑂 ↔
-15.29
≡ 𝑆𝑖𝑂(𝑈𝑂2 )3 (𝑂𝐻 )5 + 6𝐻 +
Cation exchange#
0
2𝑁𝑎𝑋 + 𝑈𝑂22+ ↔ 𝑈𝑂2 𝑋2 + 2𝑁𝑎+
#
120
from McKinley et al., 1995.
Edge specific surface area=9.7 m2/g, Site density (≡AlOH=10.5 sites/nm2, ≡SiOH=12.5
sites/nm2),
Cation exchange capacity=1.2 mol/kg
Table 3.4. Surface complexation reactions for the non-electrostatic model MBDSB1259
Surface reaction
Surface complexation reaction
logK
type
≡ 𝑆𝑠,𝑤1 𝑂𝐻 + 𝐻 + ↔ ≡ 𝑆𝑠,𝑤1 𝑂𝐻2+
4.5
−
+
Edge-site
≡ 𝑆𝑠,𝑤1 𝑂𝐻 ↔ ≡ 𝑆𝑠,𝑤1 𝑂 + 𝐻
-7.9
acid-base
+
+
6.0
≡ 𝑆𝑤2 𝑂𝐻 + 𝐻 ↔ ≡ 𝑆𝑤2 𝑂𝐻2
reactions
−
+
-10.5
≡ 𝑆𝑤2 𝑂𝐻 ↔ ≡ 𝑆𝑤2 𝑂 + 𝐻

Edge-site uranyl
complexation
reaction

≡ 𝑆𝑠 𝑂𝐻 + 𝑈𝑂22+ ↔ ≡ 𝑆𝑠 𝑂𝑈𝑂2+ + 𝐻 +
≡ 𝑆𝑠 𝑂𝐻 + 𝑈𝑂22+ + 𝐻2 𝑂 ↔ ≡ 𝑆𝑠 𝑂𝑈𝑂2 (𝑂𝐻)0 + 2𝐻 +
≡ 𝑆𝑠 𝑂𝐻 + 𝑈𝑂22+ + 2𝐻2 𝑂 ↔
−
≡ 𝑆𝑠 𝑂𝑈𝑂2 (𝑂𝐻)2 + 3𝐻 +
≡ 𝑆𝑠 𝑂𝐻 + 𝑈𝑂22+ + 3𝐻2 𝑂 ↔
2−
≡ 𝑆𝑠 𝑂𝑈𝑂2 (𝑂𝐻)3 + 4𝐻 +
≡ 𝑆𝑤1 𝑂𝐻 + 𝑈𝑂22+ ↔ ≡ 𝑆𝑤1 𝑂𝑈𝑂2+ + 𝐻 +
≡ 𝑆𝑤1 𝑂𝐻 + 𝑈𝑂22+ + 𝐻2 𝑂 ↔
≡ 𝑆𝑤1 𝑂𝑈𝑂2 (𝑂𝐻)0 + 2𝐻 +
≡ 𝑆𝑠 𝑂𝐻 + 𝑈𝑂22+ + 𝐶𝑂32− ↔ ≡ 𝑆𝑠 𝑂𝑈𝑂2 𝐶𝑂3− + 𝐻 +
≡ 𝑆𝑠 𝑂𝐻 + 𝑈𝑂22+ + 2𝐶𝑂32− ↔
+
≡ 𝑆𝑠 𝑂𝑈𝑂2 (𝐶𝑂3 )3−
2 +𝐻
≡ 𝑆𝑤1 𝑂𝐻 + 𝑈𝑂22+ + 2𝐶𝑂32− ↔
+
≡ 𝑆𝑤1 𝑂𝑈𝑂2 (𝐶𝑂3 )3−
2 +𝐻

3.1
-4.6
-12.6
-20.9
0.5
-5.7
9.8
15.5
9.3

Cation exchange
0.45
2𝑁𝑎𝑋 + 𝑈𝑂22+ ↔ 𝑈𝑂2 𝑋2 + 2𝑁𝑎 +
2
2
Edge specific surface area=35 m /g, Site density (≡SsOH=0.034 sites/nm , ≡SwOH =0.688
sites/nm2),
Cation exchange capacity=0.85 mol/kg
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3.2.3 Development of robust surface complexation model
In order to develop a more robust surface complexation model to account for U(VI)
adsorption onto montmorillonite under varied input conditions, we adopted the state-of-theart technique for edge-site surface potential estimation employed by Tournassat et al.64
We also included cation exchange reaction in our robust model. The following subsections
explain the details of the various steps taken in developing the model.
3.2.3.1 Acid-base reactions
The octahedral and tetrahedral sheets of montmorillonite have significant
isomorphic substitutions of other elements like Fe(III), Fe(II), Mg and Al. In previous
models, only silica and alumina sites were considered for surface speciation of edge sites.
Tournassat et al.128 developed an edge-site acid-base model by considering 5 different edge
sites with 3 to 4 protonation states for each site type. We adopted their edge-site acid-base
reactions as well as their equilibrium constants for our modeling effort. The mole fraction
of each edge-site type along with the edge surface protonation/deprotonation reactions and
their corresponding equilibrium constants are listed in Table 3.5.
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Table 3.5. Edge site acid-base reactions used for robust surface complexation modeling
(adopted from Tournassat et al., 2016128)
Site type

≡S(1) (Si-Al-Si)

≡S(2) (Si-Fe(III)Si)

≡S(3) (Si-Mg-Si)

≡S(4) (Si-Fe(II)Si)

≡S(5) (Al-Al-Si)

Mole
fraction
of each
site type
(xi)

0.695

0.112

0.125

0.003

0.065

Site
density
(2.06xi)
(sites·nm2
)

1.4317

0.2307

Component coefficient
Species

H+

z

≡S(1)H4+

1

1

1

3.1

≡S(1)H2-

1

-1

-1

-7

≡S(1)H2-

1

-2

-2

-14

≡S(1)3-

1

-3

-3

-22.3

≡S(2)H4+

1

1

1

1.2

≡S(2)H2-

1

-1

-1

-5.1

≡S(2)H

1

-2

-2

-13.7

≡S(2)3-

1

-3

-3

-22.3

≡S(3)H3-

1

-1

-1

-10.8

≡S(3)H22-

1

-2

-2

-21.6

3-

≡S(3)H

1

-3

-3

-34.8

≡S(4)H3-

1

-1

-1

-6.6

≡S(4)H22-

1

-2

-2

-16.8

≡S(4)H3-

1

-3

-3

-27

≡S(4)

1

-4

-4

-38.2

≡S(5)H3-

1

-1

-1

-4.9

≡S(5)H22-

1

-2

-2

-11.9

≡S(5)H

1

-3

-3

-20.4

≡S(5)4-

1

-4

-4

-35.5

2-

0.2575

0.0062

0.1339

logKint

≡S(i)H3

4-

3-

3.2.3.2 Estimation of edge surface charge density
Na-montmorillonite has a very high specific surface area (SSA) ~750 m2/g. This
includes both the edge and basal sites. However, the edge-specific surface area is much
lower and cannot be quantified separately by the BET technique. Scanning electron
microscopy imaging can be employed to make some estimate of edge specific surface area.
Cation exchange capacity (CEC) of Na-montmorillonite is found to be varying between 0.6
to 1.2 molc/kg. The CEC value for standard SWy-1 or SWy-2 montmorillonite clay as
reported by Source Clay Repository is 0.85 molc/kg. According to Tournassat et al.,
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2016,128 the basal charge density for a sorbent with a cation exchange capacity of 0.9
molc.kg-1 can be calculated in the following manner.
(3.1)
𝐶𝐸𝐶 = 0.9 𝑚𝑜𝑙𝑐 ∙ 𝑘𝑔−1 = 9 × 10−4 𝑚𝑜𝑙𝑐 ∙ 𝑔−1
2
−1
(3.2)
𝑆𝑆𝐴 = 750 𝑚 ∙ 𝑔
Isomorphic substitution leads to accumulation of negative charge in the entire
structure of the clay, leading to a structural charge density calculated from the cation
exchange capacity and the BET-SSA as follows.
𝑄𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙

9 × 10−4
=
= 1.2 × 10−6 𝑚𝑜𝑙𝑐 ∙ 𝑚−2 = 1.2 × 10−6 × 96485
750
(3.3)
= 0.11578 𝐶 ∙ 𝑚−2

However, a part of this total structural charge density will spill over to the edge sites that
will be proportional to the edge-SSA compared to the total SSA. This spilled over charge
density on the edge-site is called basal charge density as it is the contribution from the
negative charge accumulated in the interlayer. The total edge charge density (Qe) is the sum
of the basal charge density (Qb) and charge density due to protonation/deprotonation of the
edge sites (Qp).
𝑄𝑏 = 𝑄𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 ×

14
= 0.00216 𝐶 ∙ 𝑚−2
750

(3.4)

Based on the calculations shown in equations 3.1 to 3.4, the basal charge density of the
montmorillonite sorbent for each dataset was calculated and listed in Table 3.6.
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Table 3.6. Cation exchange capacity and basal charge density of montmorillonite
sorbents used in different studies
ID

CEC
(molc·kg-1)

Montmorillonite
type

SSAedge
(m2·g1
)

Qstructural
(C·m-2)

Qbasal
(C·m-2)

1

0.8

SWy-1

12.6

0.1029

0.001729

2

1.2

SWy-2

14

0.1544

0.002882

3

0.9

SWy-2

14

0.1158

0.002161

4

0.63

Wyoming
montmorillonite
(Volclay)

14

0.0810

0.001513

5

0.85

SWy-1

12.6

0.1093

0.001837

Source study
McKinley et al.,
1995120
Pabalan and
Turner, 199662
Hyun et al.,
200160
KowalFouchard et al.,
200461
Marques
Fernandes et al.,
201259

Note: SSAedge=Edge-site specific surface area64, Qstructural=Net charge density in the entire
clay structure due to isomorphic substitution of Al or Si atoms with atoms of lower valency,
Qbasal=Net structural charge density on the edge surface.
As the cation exchange capacity of the montmorillonite sorbent used in different
studies varied, the basal charge density was also different for different studies. Moreover,
many of these studies employed different ionic strengths. Therefore, edge-site charge
density for the entire pH range of 2 to 10 was estimated for different combinations of basal
charge densities and ionic strengths (Figure 3.1). We assumed that the possible impact of
uranium adsorption onto edge-site charge will be negligible as compared to the impact of
protonation/deprotonation and the permanent basal charge due to isomorphic substitution.
Hence, no uranium adsorption was included while estimating edge-site charge density of
the montmorillonite for different basal charge density and ionic strength combinations. The
resultant edge-site charge density for montmorillonite from different source studies are
shown as a function of pH in Figure 3.2.
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Figure 3.1. Flowchart depicting the steps taken for estimation of edge surface charge
density
Note: Qb = basal charge density on the edge site calculated from the total structural charge
density, Qp,in = initially assumed value of edge charge density due to
protonation/deprotonation of the edge sites, Qe,in = initial value of total edge charge density,
Ψedge = edge site potential, Qp = edge site charge density due to protonation calculated from
estimated surface speciation of the edge sites, Qe,f = final total edge charge density.
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Figure 3.2. Edge-site surface charge density as a function of pH and ionic strength for
Na-montmorillonite used in different studies.56, 59-62, 120
3.2.3.3 Optimization of U(VI)-montmorillonite surface complexation reactions
U(VI) adsorption onto montmorillonite can take place on both edge sites and cation
exchange sites. A set of four edge-site surface complexation reactions and a single cation
exchange reaction (Table 3.7) were adopted for the robust model based on previous
observations. To account for adsorption onto edge sites, we first adopted the edge-site
species found by Tournassat et al., 201864 in their optimization effort. However, we
+
replaced ≡ S(1)H3 UO2+
2 with ≡ S(1)H2 UO2 as no good fitting could be obtained by

considering ≡ S(1)H3 UO2+
2 as a potential surface species. Almost all the previous surface
complexation modeling efforts59, 61, 62, 66, 120, 131 have also considered ≡ S(1)H2 UO+
2 as the
dominant edge site species at low pH (<5), and not ≡ S(1)H3 UO2+
2 . Apart from this, many
of these previous modeling studies61, 62, 66, 120, 131 had also considered the presence of a
polymeric U(VI) edge surface species based on the prevalence of polymeric U(VI) aqueous
species ((UO2)3(OH)5+) at near-neutral pH. However, EXAFS studies on U(VI) adsorbed
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onto montmorillonite did not find evidence for such a species for relevant U(VI)-sorbent
ratios.132-135 Hence, we did not consider presence of such a species in our optimization
effort. Catalano and Brown Jr.35 did find evidence for U(VI)-carbonate ternary complexes
in such systems. Although, Tournassat et al., 201864 did not observe a better fit by
including a U(VI)-carbonate ternary surface complexation on edge-sites for their data, we
included a U(VI)-carbonate ternary complex (≡ S(1)H2 UO2 (CO3 )2

−3

) to account for

U(VI) adsorption at high DIC concentration. Binding of cationic U(VI) species onto cation
exchange sites was explained by a single cation exchange reaction between Na+ and
dominant U(VI) cation (UO22+). Although, other cationic species like UO2OH+ or
(UO2)3(OH)5+ can also possibly undergo cation exchange, their contributions to cation
exchange had not been significant.131 Other modeling studies have also not considered
possibility of cation exchange reactions involving UO2OH+ or (UO2)3(OH)5+. Catalano and
Brown Jr.35 in their EXAFS study found that the X-ray absorption spectra of U(VI) bound
to the montmorillonite clay as a result of cation exchange have same features as observed
in XAS spectrum of UO22+. Hence, cation exchange of only UO22+ was considered for
modeling.
The optimization of the logK’s of edge-site surface complexation reactions was
done using Masterdataset 1 (188 datapoints for which no cation exchange contribution was
observed). Following the optimization of logK’s of the edge site reactions, attempts were
made to generate a single equilibrium constant to account for cation exchange in all the
datasets combined. The quasi-thermodynamic approach of Fletcher and Sposito, 1989129
was adopted to define the cation exchange between Na+ and UO22+ in the montmorillonite
interlayer. For this, a hypothetical cation exchange site species (X-) was defined that
denotes a cation exchange site that is available for binding of cations. Therefore, the ion
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exchange reaction between a UO22+ ion and Na+ (equation 3.5) can be expressed in the
form of two half reactions (equations 3.6 and 3.7) with X- as the hypothetical species.
+
2NaX + UO2+
2 ↔ UO2 X 2 + 2Na

(3.5)

−
UO2+
2 + 2X ↔ UO2 X 2

(3.6)

Na+ + X − ↔ NaX

(3.7)

According to this quasi-thermodynamic approach of Fletcher and Sposito, the
equilibrium constant for equation 6 can be expressed as equation 3.8.
K1 = K a K 22 [𝑋𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑑 ]

−1

(3.8)

Here, Ka is the equilibrium constant for equation 3.5 (selectivity coefficient), K2 is the
equilibrium constant for equation 3.7, and [𝑋𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑑 ] is the molar concentration of
cation exchange sites occupied by Na+ or UO22+.
Composite Masterdataset with all 319 datapoints was used for optimization of the
logK of the cation exchange reaction. logK of the edge site complexation reactions were
kept constant at values determined from optimization with Master Dataset 1 while
optimizing the cation exchange reaction. The logK of the cation exchange reaction of Na+
was fixed at 13.8.129 The steps taken for optimization of edge site and cation exchange
reaction constants are shown in Figure 3.3. The chemical equilibrium calculation was done
in MINEQL+ and spreadsheet-based tool- MINFIT was used for model optimization. The
optimization quantity was residual sum of square (RSS) of the model generated and
observed values of percentage U(VI) adsorbed.
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Table 3.7. Surface complexation reactions for U(VI) adsorption onto montmorillonite
Site type
Reactions
+
+
≡ S(1)H3 + UO2+
2 ↔ ≡ S(1)H2 UO2 + H
+
≡ S(1)H3 + UO2+
2 ↔ ≡ S(1)HUO2 + 2H

Edge site

Cation exchange

≡ S(1)H3 + UO2+
2 + 2H2 O ↔
−3
≡ S(1)UO2 (OH)2 + 5H +
2−
≡ S(1)H3 + UO2+
2 + 2CO3 ↔
−3
≡ S(1)H2 UO2 (CO3 )2 + H +
X − + Na+ ↔ NaX
2X − + UO2+
2 ↔ UO2 X 2

Note: ≡ S(1) = Si-Al-Si site

Figure 3.3. Steps for optimization of edge site and cation exchange reaction constants
for the robust model
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3.3 Results and discussion
3.3.1 Performance of reviewed models
Each of the three reviewed models had two different type of edge sites. These edge
sites had been classified in two different ways- (i) aluminol and silanol sites (for MZST95a
and PTBP98x) or (ii) strong and weak sites (for MBDSB12). The site density of each edgesite type also differed from model to model. The set of edge site U(VI) surface
complexation reactions were also different from model to model. All the three models had
included at least one U(VI) edge-site surface complexation reaction to account for
adsorption of U(VI) onto edge sites. However, only MBDSB12 had U(VI)-carbonate
ternary complexation reaction(s).
For each of the three reviewed models, it was the best performing model for the
dataset used in its development as assessed by the root mean square of error (RMSE)
between the model generated and observed U(VI) adsorption values (Figure 3.4). The
factors affecting the model performance for these datasets are discussed below.
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Figure 3.4. RMSE of the models MZST95a (McKinley et al., 1995)120 PTBP98x
(Pabalan et al., 1998)62 MBDSB12 (Marques Fernandes et al., 2012)59 and the Robust
Model for different datasets. The source of datasets has been indicated below the
horizontal axis.
The MZST95a model was developed using a dataset where a high U(VI)-sorbent
ratio was employed (Table 3.1). The model had a strong monomeric U(VI)-aluminol
surface complex (which is dominant at low pH) and weak monomeric U(VI)-silanol and
polymeric U(VI)-aluminol and U(VI)-silanol complexes. Moreover, the values of
protonation/deprotonation constants for alumina sites were also higher leading to a
rightward shift in the adsorption edge on the pH axis. Due to this rightward shift in the
adsorption edge, the adsorption prediction trends of MZST95a at below pH 6 for almost all
datasets were lower than observed values. In some cases (3b, 3d, 3f and 4a) this
underprediction at low pH is compensated by contributions from the cation exchange
reaction. Adsorption predictions at pH above 6 is highly controlled by DIC in the system.
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Almost all the datasets generated at a DIC much lower than that expected for open to
atmospheric conditions, are predicted quite well. However, predictions for datasets
generated under open to atmosphere conditions were strongly correlated with the U(VI)sorbent ratio, with better adsorption predictions for systems with lower uranium-sorbent
ratio (Table 3.1). For systems with very high DIC (5c, 5d and 5e) adsorption predictions
were much lower than observed values as no U(VI)-carbonate ternary complexation was
included in the MZST95a model. For those conditions where cation exchange reactions
were dominant (3a, 3c and 3e), MZST95a overpredicted adsorption for the entire pH range.
Model PTBP98x was developed by employing datasets generated for input
conditions with various U(VI)-sorbent ratios that were much lower than the U(VI)-sorbent
ratio employed for generation of the MZST95a model. The constituent U(VI)-aluminol
complex for the PTBP98x model was relatively weaker as compared to its counterpart in
the MZST95a model. All other edge site complexes in PTBP98x model were much
stronger than their counterparts in MZST95a. Hence, the adsorption predictions for datasets
with a high U(VI)-sorbent ratio (1a, 1b, 1c, 3f and 4a) were higher than the observed values
for pH above 6. Adsorption predictions from PTBP98x at pH below 6 were higher than the
adsorption predictions of MZST95a in the same pH range for datasets 1a, 2a, 2b, 2c and 2d.
This could be attributed to the different protonation/deprotonation constants employed in
the two models. For all other datasets, adsorption prediction trends of PTBP98x model at
pH below 6 were similar to those of MZST95a. For high DIC systems (5c, 5d and 5e),
PTBP98a overpredicted adsorption at pH above 6 even though the U(VI)-sorbent ratio in
such systems were comparable to those employed for generation of the PTBP98x model.
This overprediction could be because of the presence of strong U(VI) polymeric surface
complexes in the PTBP98x model.
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The MBDSB12 model was different from both MZST95a and PTBP98x in various
aspects. MBDSB12 has (i) no polymeric U(VI) surface complexes, (ii) multiple
monomeric U(VI) surface complexes, and (iii) U(VI)-carbonate ternary surface complexes.
Apart from this, all constituent surface reactions in MDBSB12 are stronger than the surface
reactions in MZST95a model. Consequently, MBDSB12 overpredicted adsorption for
datasets with high U(VI)-sorbent ratio (1a , 1b, 1c, 3e, 3f and 4a). MBDSB12 adsorption
predictions at pH>6 for datasets generated in open to atmosphere conditions (2a, 2b, 2c and
2d) were close to the observed values as U(VI)-carbonate ternary reactions would account
for significant fraction of adsorption. For those conditions where cation exchange reactions
were dominant (3a, 3c and 3e), MBDSB12 also overpredicted adsorption for the entire pH
range.
Adsorption predictions of all the three models reviewed in this study (MZST95a,
PTBP98x and MBDSB12) for each individual dataset have been shown in Figures 3.5 and
3.6.
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Figure 3.5. Adsorption predictions of models MZST95a (McKinley et al., 1995) 120
PTBP98x (Pabalan et al., 1998)62 MBDSB12 (Marques Fernandes et al., 2012)59 and the
Robust Model for different datasets where cation exchange contributions were not
significant (<20% of the total U(VI) adsorbed).
Datapoints are indicated as symbols (Source study indicated below the figure)
Details of input conditions corresponding to each dataset given in Table 3.1.
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Figure 3.6. Adsorption predictions of models MZST95a (McKinley et al., 1995)120
PTBP98x (Pabalan et al., 1998)62 MBDSB12 (Marques Fernandes et al., 2012)59 and the
Robust Model for different datasets with a significant cation exchange contribution
(>20% of the total U(VI) adsorbed)
Datapoints are indicated as symbols (Source study indicated below the figure)
Details of input conditions corresponding to each dataset given in Table 3.1.

3.3.2 Development of robust model
The robust model differed from the previous models in many aspects. Unlike the
reviewed models, five distinct edge site types were assumed to account for sorbent edge
surface chemistry. Like the model developed by Tournassat et al., 2018,64 The robust
model showed adsorption of U(VI) only on the dominant edge site type (≡S(1) (Si-Al-Si)).
Although, no U(VI) adsorption takes place on other edge sites, they play important role in
edge site protonation/deprotonation.128 The robust model is comprised of four edge-site
species- ≡ S(1)H2 UO+
2 , ≡ S(1)HUO2 , ≡ S(1)UO2 (OH)2

−3

and ≡ S(1)H2 UO2 (CO3 )2

with optimum logK values of 0.93, -4.58, -26.97 and 14.65 respectively. The overall
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−3

RMSE of the best fit Robust Model for Masterdataset 1 was 13.54. This was much lower as
compared to the RMSE of any of the reviewed models for Masterdataset 1- MZST95a
(26.74) PTBP98x (26.96) and MBDSB12 (18.75).
Following the optimization of the logK’s of the edge site reactions, attempts were
made to generate a single logKextrinsic to account for cation exchange for all the datasets
with varying extents of cation exchange sites. This Kextrinsic for cation exchange reaction is
the product of the intrinsic equilibrium constant for cation exchange reaction K1 (equation
8) and the molar concentration of occupied cation exchange site (equation 3.9).
𝐾𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐 = 𝐾1 × [𝑋𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑑 ]

(3.9)

[Xexchanged]=molar concentration of cation exchange sites occupied by Na+ or
UO22+
The Combined Masterdataset with 319 datapoints from 5 different studies was used
for optimization of the logKextrinsic of the cation exchange reaction. The logK’s of the edge
site complexation reactions were kept constant at the values determined from optimization
to Masterdataset 1 during optimization of the cation exchange reaction. The resultant
RMSE was 12.87 with an optimum logKextrinsic value of 27.19. The intrinsic logK values of
the cation exchange reaction for each dataset with a given concentration of occupied cation
exchange sites are listed in Table 3.8. Adsorption predictions of each individual dataset is
shown in Figures 3.7 and 3.8.
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Table 3.8. Intrinsic logK of the cation exchange reaction for different extents of cation
exchange.
Occupied cation
Dataset
exchange site
logK1
Source literature
number
(mM)
1a, 1b, 1c
0.4
30.59
McKinley et al., 1995120
2a
3.84
29.61
2b
0.324
30.68
Pabalan et al., 199862
2c
0.034
31.66
2d
0.336
30.66
3a, 3c, 3e
1.0
30.19
Hyun et al., 200160
3b, 3d, 3f
5.58
29.44
4a, 4b
6.3
29.39
Kowal-Fouchard et al., 200461
5a
0.765
30.31
5b
2.125
29.86
Marques Fernandes et al., 201259
5c, 5d, 5e
3.655
29.63
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Figure 3.7. Adsorption predictions of the robust model with different constituent
surface species for different datasets with a low cation exchange contribution (<20%
of the total U(VI) adsorbed)
Datapoints are indicated as symbols (Source study indicated below the figure)
Details of input conditions corresponding to each dataset can be found in Table 3.1.
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Figure 3.8. Adsorption predictions of the robust model with different constituent
surface species for different datasets where cation exchange contributions were
significant (>20% of the total U(VI) adsorbed).
Datapoints are indicated as symbols (Source study indicated below the figure)
Details of input conditions corresponding to each dataset can be found in Table 3.1.

The robust model developed in this study performed better than the three previous
models reviewed in this work for most datasets which had not been implemented in
development of those previous models. The dataset employed in development of the robust
model is large and varied and was sourced from multiple previous studies. None of the
previous modeling efforts on U(VI)-montmorillonite system had taken such wide variation
in input conditions into account. Moreover, we also considered the spillover effect to
quantify edge-site surface potential. The Robust Model developed in this work has a
U(VI)-carbonate ternary surface complex. Many previous surface complexation modeling
studies on U(VI)-montmorillonite system had not considered presence of such a ternary
complex despite EXAFS evidence for formation of such complex. The U(VI)-carbonate
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ternary complex is significant only in high DIC systems (5c, 5d and 5e (Figure 3.7)). No
considerable contribution of U(VI)-carbonate ternary complex towards U(VI) adsorption
could be found for other systems. Another important feature of this robust model is the
absence of any polymeric surface complexes. Although, many of the previous models had
included a trimeric U(VI) edge-site complex, no EXAFS evidence for such a surface
species has been found. Therefore, the robust model developed in this study is more
consistent with the molecular scale findings.
This robust surface complexation model developed using the Composite
Masterdataset was applied for datasets corresponding to high surface coverage of uranium
(6a, 6b and 6c (Table A3.1)) . These datasets were sourced from the study of Bachmaf and
Merkel56 in which the U(VI)-sorbent ratio was much higher (60.24 µmol/g) than the
highest U(VI)-sorbent ratio we employed in generation of the Robust Model. The sorption
predictions of the Robust Model for dataset 6a were slightly higher than the observed
values, because of high cation exchange contribution due to very low background sodium
concentration (0.001 M). However, 6b and 6c were underpredicted for the entire pH range
of study. This is possibly because precipitation of U(VI) in such a high U(VI)-sorbent ratio
system that were not included in the model.

3.3.3 Environmental implications
Large scale mining and milling of uranium ore throughout the world has led to
mobilization of uranium from deep underground deposits to the soil subsurface. Adsorption
of U(VI) onto minerals present on the subsurface can control fate and transport of uranium
over timescales of months to years. Hence, developing a robust surface complexation
model to explain the adsorption of U(VI) onto montmorillonite is important. The Robust
Model developed in this study is based on large and varied Masterdatasets compiled from
multiple previous studies59-62, 120 that used Na-montmorillonite. These constituent datasets
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were collected over a wide range of pH (from ~2 to 10) and background sodium
concentration (0.001 to 0.1 mM), and varied DIC concentration (no DIC, open to
atmosphere conditions and high DIC closed systems) which are environmentally relevant.
One of the main sources of uranium contamination in subsurface environment is uranium
mine tailings located near the ore milling facilities. The pH of such tailing ponds is
typically in near-neutral to basic range (~7 to ~10). As no cationic U(VI) species are
expected to be present under such conditions, the effect of cation exchange on uranium
immobilization is negligible, and U(VI) adsorption onto the montmorillonite edge sites
control uranium mobilization. In many cases, such uranium tailings can be occasionally
flooded by acid mine drainage leading to a drop in pH to below 4.53 In such a situation
cation exchange onto the interlayer spacing will be a dominant mechanism of U(VI)
adsorption onto montmorillonite. Therefore, the Robust Model developed in this study is a
realistic predictive model for a wide range of environmentally relevant conditions. This
model can be further improved by considering the effects of other environmentally relevant
ions- SO42- and Ca2+ onto adsorption of uranium. Acid mine drainage typically has high
background sulfate concentration (~15 mM).53 Sulfate forms strong aqueous complexes
with uranyl (UO2SO4(aq) and UO2(SO4)22-)136 and contributes to ionic strength. Hence,
background sulfate concentration can affect adsorption of U(VI) onto montmorillonite at
low pH. Similarly, high calcium concentration is typically found along with high DIC
concentration in the subsurface. Calcium is present in the stable soluble Ca-U(VI)carbonate complex (Ca2UO2(CO3)3(aq))136, which would lead to low adsorption of U(VI) on
mineral surfaces. Therefore, Ca2+ concentration also controls the uranium adsorption at
near-neutral to high pH (pH>7) under environmentally relevant conditions. The effect of
variation in the background Ca2+ concentration on U(VI) adsorption onto cation exchange
sites at low pH (<4) also need to be evaluated. No experimental data on U(VI) adsorption
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onto montmorillonite is available under high background sulfate concentration at low pH.
Hence, any improvement in the cation exchange reaction will need efforts to collect such
data. However, adsorption of U(VI) at varying background calcium concentration and DIC
at near-neutral to high pH is available from previous works. The model developed by
Tournassat et al., 201864 is based on such a dataset. Another important factor to account for
improvement of this Robust Model is to reoptimize it to a sizeable U(VI)-montmorillonite
adsorption dataset at varying elevated DIC concentration which can be relevant for
subsurface environments. Our findings suggest that under high DIC U(VI)-carbonate
ternary surface complexation dominates the adsorption of U(VI) onto montmorillonite.
However, we used a limited number of high DIC datapoints (only 10) to optimize the
ternary U(VI)-carbonate surface complexation reaction. This Robust Model can be a base
for an improved SCM reoptimized for high sulfate at low pH, and high DIC and Ca2+
conditions. Such robust models on U(VI)-montmorillonite system along with other such
models for U(VI) adsorption onto other ubiquitous minerals can be integrated into reactive
transport models which can help achieve better prediction of uranium fate and transport in
natural environment.
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Chapter 4: Reduction of U(VI) on chemically reduced
montmorillonite and surface complexation modeling of
adsorbed U(IV)
*
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4.1 Introduction
Uranium is an important radionuclide contaminant in the subsurface. Major sources
of uranium contamination include mining and milling of uranium ore and the past disposal
practices of nuclear materials. Possible in situ remediation strategies for uranium include its
precipitation with phosphate and reduction of U(VI) to less mobile U(IV) species by
biological or chemical reductants. Apart from mining and milling of uranium ore, wastes
generated in nuclear power plants (e.g., spent nuclear fuel) are also a major potential
pathways of uranium introduction to the subsurface. Spent nuclear fuel (SNF) is comprised
of mostly (~96%) UO2,1 and its confinement in deep underground repositories is being
considered as a strategy for long-term safe storage of SNF.
Due to their abundance in natural subsurface environments, clay minerals can play a
major role in immobilization of uranium released in the subsurface as a result of mining
and milling activities. They are also suitable as engineered buffer material for long-term
storage of SNF in deep underground repositories due to their high specific surface area, low
hydraulic conductivity and high self-sealing capacity (due to swelling during hydration).114
Countries, that include France, Sweden, Switzerland, Japan, Taiwan and the US, have
proposed using clay minerals as a buffer and packing material for confinement of SNF.110115

Iron is an important electron acceptor for anaerobic microorganisms in subsurface

environment. In addition to iron oxyhydroxides, clay minerals contain of a large pool of
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microbially reduceable Fe(III) in the environment.137 Fe(III) reducing bacteria can drive
microbial reduction of U(VI) under subsurface conditions.138-140 Phyllosilicates (biotite and
chlorite)15 and other Fe(II)-containing minerals like magnetite,9 green rust11 and Fe(II)
sulfides,12-14 have shown evidence for U(VI) reduction by structural Fe(II). However,
reduction of U(VI) by biogenic structural Fe(II) present in clay minerals has not been
studied.
Montmorillonite, which can contain Fe(III) in its structure (3.5% (w/w) for the
widely studied SWy-1 and SWy-2 source clay),141 is abundant in many subsurface
environments. Bentonite, which is being proposed as the backfill material for SNF
confinement, is approximately 80% by mass montmorillonite.119 Montmorillonite is very
effective in immobilizing U(VI) under low dissolved inorganic carbon (DIC) concentration,
but at high DIC U(VI) does not adsorb well to montmorillonite due to formation of strong
U(VI)-carbonate aqueous complexes. The adsorption of U(IV) to montmorillonite either
directly or following reduction of U(VI) to U(IV) at the montmorillonite surface is
expected to be less impacted by DIC because U(IV) complexes with carbonate are much
weaker than those of U(VI) with carbonate
Several studies142-147 in the last three decades have observed microbial reduction of
structural Fe(III) in smectites under environmentally relevant conditions.148 Kostka et al.144
showed that the iron reducing bacteria Shewanella oneidensis strain MR-1 (formerly
thought to be a different strain of Shewanella putrefaciens) resulted in a reduction extent of
25-41% within a reaction time of 6-12 days. Gates et al.149 compared structural Fe(III)
reduction capacities of Na-dithionite and bacteria for Upton montmorillonite. They found
that the Fe(II) yield from the microbial reduction was ~40% of the Fe(II) yield from
dithionite reduction of the clay. They also observed similar structural changes in the
montmorillonite due to reduction by both the dithionite and the bacteria. Neumann et al.
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found evidence for abiotic reduction of structural Fe(III) in smectites by surface bound
Fe(II).150 Under the O2(g) fugacity conditions likely to occur in deep underground repository
environment, corrosion of the steel canisters that are the primary confinement of the SNF
will lead to the formation of Fe(II) corrosion products.151 These Fe(II) corrosion products
can react with montmorillonite buffer material to form trioctahedral Fe(II) rich saponite.151
Reduction of U(VI) into surface bound U(IV) by microbial activity or by surface
bound Fe(II) in the presence of smectites has been demonstrated previously.67, 68, 140 Tsarev
et al.68 detected reduction of U(VI) by aqueous Fe(II) released from an external source in
the presence of montmorillonite and nontronite resulting in surface bound U(IV). Zhang et
al.140 found concomitant microbial reduction of U(VI) and structural Fe(III) in presence of
iron-rich nontronite. U(VI) has also been observed to undergo reduction followed by
adsorption onto a montmorillonite sample that had Fe(II) pre-adsorbed on its surface.67
While previous research has established the importance of Fe(II)-bearing solids for
reduction of U(VI), to the best of our knowledge the reduction of U(VI) by structural Fe(II)
in smectites has not yet been studied.
Chemically reduced montmorillonite has structural Fe(II) that is formed from
reduction of Fe(III) in the montmorillonite structure. Reduced montmorillonite will be
chemically stable under the anoxic conditions that would prevail in subsurface and deep
repository environments. Sodium dithionite has been widely used as an abiotic reducing
agent for laboratory-based study of clay minerals. Dithionite reduction of Wyoming
montmorillonite showed structural change due to reduction of Fe(III).152 These changes
were monitored using infrared (IR) spectroscopy. Reoxidation of the reduced
montmorillonite showed reversal of changes in the IR spectra. Similarly, Upton
montmorillonite clay (~3.67% Fe2O3 and 0.3% FeO)153 showed substantial change in IR
spectra upon dithionite reduction.154 Like Wyoming montmorillonite, reoxidation of
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reduced Upton montmorillonite samples by oxygen restored the spectra to their original
pre-reduced forms, confirming reoxidation of structural Fe. More than 95% of structural
Fe(III) in the Wyoming montmorillonite was reduced to Fe(II) upon dithionite reduction.152
Formation of different biogenic non-crystalline U(IV) species has been observed in
multiple studies over the last decade.17, 22, 69, 155 However, adsorption of U(IV) to mineral
surfaces has only been investigated in a few studies. Like biogenic non-crystalline U(IV),
speciation and stability of adsorbed U(IV) is important for understanding the fate and
transport of uranium in subsurface environments. Thermodynamic models of U(VI)
reduction to U(IV) do not include uranium adsorption reactions, and hence, they would
predict formation of UO2(s) as the product. However, in presence of minerals like reduced
montmorillonite, adsorbed U(IV) species are expected to form. Latta et al.19 showed
formation of U(IV) surface species due to reduction of U(VI) by AH2QDS on rutile as well
as by structural Fe(II) on magnetite. The surface bound non-uraninite species generated in
their study remained non-crystalline for several months before they transformed into
uraninite. In later work, Wang et al.70 studied the equilibrium inner sphere complexation of
U(IV) on both rutile and magnetite surfaces. They also developed surface complexation
models to interpret the U(IV) adsorption trends on the two mineral surfaces. Dissolved
inorganic carbon can form aqueous complexes with adsorbed U(IV) leading to its
desorption from the mineral surface. While many previous studies have investigated U(VI)
reactions with montmorillonite and other clay minerals,35, 111, 114, 156-161 the equilibrium
adsorption of U(IV) to montmorillonite either following U(VI) reduction or directly from
contact of soluble U(IV) with montmorillonite has not been studied.
The objectives of this study were to investigate the extent of U(VI) reduction by
structural Fe(II) present in reduced montmorillonite, evaluate the stability of resulting
U(IV), and interpret U(IV) adsorption to montmorillonite using the surface complexation
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modeling framework. We pursued these objectives in a set of controlled laboratory-scale
experiments performed with pristine and chemically reduced montmorillonite and with
molecular-scale insights into U speciation determined using X-ray absorption spectroscopy.

4.2 Materials
Uranyl nitrate hexahydrate crystalline salt procured from ANTEC Inc. was used to
prepare the U(VI) aqueous standard. U(IV) oxide (UO2) was synthesized from the uranyl
nitrate hexahydrate (details in supporting information file). A U(IV) aqueous standard was
prepared by digesting a portion of the lab synthesized UO2(s) in concentrated hydrochloric
acid. The oxidation state of the U(IV)(aq) standard was confirmed by UV-vis spectroscopy
(Figure A4.3).
Montmorillonite suspensions used in this study were prepared from the reference
montmorillonite SWy-2 obtained from the Source Clays Repository.141 The SWy-2 clay
was treated with a 1 M acetate/acetic acid solution (pH 5) to remove carbonates. This
acetate-treated sample was saturated with sodium chloride and then size fractionated162 to
obtain the clay size fraction of the mineral. Metal impurities from this processed Namontmorillonite clay were removed by rinsing it thrice with deionized water. This pure Namontmorillonite clay was freeze dried and stored for later use. Chemically reduced
montmorillonite was prepared by employing a dithionite method that was modified and
scaled up from an approach described by Lee et al.154 A measured amount (1.05 g) of
freeze-dried Na-montmorillonite clay sample was dispersed in 700 mL anoxic deionized
water and equilibrated with the atmosphere inside an anoxic chamber (95-98% N2(g) + 2-5%
H2(g)) overnight. After that, 350 mL of buffer solution (0.8 M sodium citrate and 0.33 M
sodium bicarbonate) was added to the clay suspension and the mixture was heated at 70 °C
in a water bath. A measured amount (5.25 g) of sodium dithionite was added to the mixture
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and allowed to react for 4 hours. The color of the suspension gradually turned white during
the reduction process. The suspension was then rinsed four times with anoxic 5 mM NaCl
solution to remove excess reactants. Based on previous work with Upton montmorillonite,
this reduction process was expected to reduce more than 95% of structural Fe(III).154 The
total suspended solid concentrations of the montmorillonite and the reduced
montmorillonite stock suspensions were estimated by employing a conventional oven
drying method. A magic angle spinning nuclear magnetic resonance (MAS NMR)
spectroscopic study by Gates et al.149 showed that the structural changes in montmorillonite
due to reduction by Na-dithionite and bacteria are same; consequently, our dithionite .
reduced montmorillonite is also representative of a Fe(II)-bearing montmorillonite that
might be generated due to microbial activity.

4.3 Methods
4.3.1 U(IV) adsorption experiments
In order to understand the extent of U(IV) adsorption onto reduced montmorillonite,
a set of batch experiments was run for a low total U(IV) loading of ~10 nM and a sorbent
loading of 0.1 g/L. This low U(IV) loading was chosen to minimize the potential for U(IV)
precipitation. The extent of adsorption of U(IV) onto reduced montmorillonite was
investigated as a function of both pH and sodium concentration. Batches were initially set
up at pH near 2 and systems were allowed to react for 2 hours. The pH at this time was then
measured precisely, and a small aliquot was collected from each batch for dissolved
uranium analysis corresponding to that pH. The system pH was then raised to a higher
value, and the dissolved uranium and pH were measured after 2 hours to generate a new
datapoint for U(IV) sorption at the new pH. This process was repeated several times until
the system pH had reached approximately 6. This approach of starting at the lowest pH and
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incrementally raising the pH was done to avoid U(IV) precipitation since it was very
unfavorable at pH 2, and the initial adsorption of some U(IV) would further prevent the
solution from becoming transiently supersaturated as the pH was increased. A sodium
concentration of either 10 mM or 110 mM was maintained in the batch system to
investigate the effect of Na+ on the extent and mechanism of U(IV) adsorption onto
reduced montmorillonite.

4.3.2 U(VI) reduction onto reduced montmorillonite
Another set of batch experiments was run to prepare samples for examining the
oxidation state of the uranium reacted on the montmorillonite surface. We selected three
different sorbate-sorbent pairs: U(VI)-reduced montmorillonite, U(IV)-reduced
montmorillonite and U(VI)-unreduced montmorillonite. U(VI) is expected to undergo
reduction upon reaction with the reduced montmorillonite, whereas no change in oxidation
state of uranium for U(VI) adsorbed to unreduced montmorillonite would occur.
Furthermore, U(IV) adsorbed onto reduced montmorillonite is expected to remain as U(IV)
at equilibrium. Based on background knowledge of metal adsorption mechanisms onto
montmorillonite clay and observations from our U(IV)-reduced montmorillonite study, we
considered two different pH points: an acidic pH of 3 at which edge sites are not expected
to contribute to adsorption and a near-neutral pH of 6 at which edge sites can contribute to
adsorption. A low sodium concentration of 10 mM was maintained for the pH 3 condition
since all adsorption was expected to occur on the interlayer sites where sorption would be
inhibited by higher sodium concentrations. At pH 6, sodium concentrations of 10 mM and
100 mM were considered; at the higher sodium concentration we expected to see
adsorption dominated by binding to edge sites since adsorption to interlayer sites would be
inhibited by competition with Na+. These experiments (Table 4.1) were conducted in an
anoxic chamber in closed amber glass bottles. A reaction time of 24 hours and a rotation
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speed of 500 rpm were employed. Samples were collected and promptly filtered through
0.02 µm size MCE filters at the end of reaction. The filtrates were later analyzed for
dissolved uranium using inductively coupled plasma mass spectrometry (ICP-MS).

Table 4.1. Experimental conditions for uranium adsorption to montmorillonite
sorbents for X-ray absorption spectroscopy study sample preparation
Batch ID

Sorbent

Sorbate

Sorbate
loading
(nM)

Sorbed
uranium
(µg/g)

Final
pH

[Na+]
(mM)

1.8

U(IV)

999

132

3.01

10

0.18

U(IV)

100*

131

5.98

10

0.18

U(IV)

100*

129

6.60

100

9

U(VI)

4358

115

3.06

10

9

U(VI)

4358

102

6.00

10

9

U(VI)

4358

113

5.51

100

9

U(VI)

43575

1145

3.19

10

Sorbent
loading
(g/L)

U(VI)-M_pH3L

reduced
montmorillonite
reduced
montmorillonite
reduced
montmorillonite
reduced
montmorillonite
reduced
montmorillonite
reduced
montmorillonite
montmorillonite

U(VI)-M_pH6L

montmorillonite

9

U(VI)

43575

1152

6.43

10

U(VI)-M_pH6H

montmorillonite

9

U(VI)

39614

1013

6.29

100

U(IV)-rM_pH3L
U(IV)-rM_pH6L
U(IV)-rM_pH6H
U(VI)-rM_pH3L
U(VI)-rM_pH6L
U(VI)-rM_pH6H

Note: *sorbate was added to the suspension in 10 steps with intermittent time gaps of 30
minutes for this condition to avoid transiently supersaturating the solution with respect to
U(IV) oxide.

4.3.3 X-ray Absorption Near-edge Structure (XANES) spectroscopy study
The clay solids from each of the nine batches listed in Table 4.1 were collected after
24 hours of batch reaction and prepared for XANES analysis. The freshly reacted clay
solids were separated by ultracentrifugation and partially dried in a desiccator inside the
anoxic chamber to decrease the moisture content and sample volume. These partially dried
clay samples were loaded into specially designed sample holders, wrapped twice with
Kapton tape on both sides, and then heat-sealed in transparent polyethylene bags. The
wrapping and heat-sealing was done to ensure minimum exposure of the samples to
oxygen. The sealed samples were shipped to the Advanced Photon Source (APS) at
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Argonne National Laboratory for XANES analysis. In addition to the clay samples, a
UO2(s) standard mixed with boron nitride was also prepared for XANES analysis. U LIIIedge spectra were measured for each sample or standard at Beamline 12-BM-B. The
beamline is equipped with a Si(111) fixed-offset double-crystal monochromator as well as
toroidal and flat mirrors which focus the beam to a ~1 mm2 spot, increase the usable X-ray
flux, and reject harmonics. All samples were maintained at -80°C using a Linkam cold
stage (THMS600) cooled with liquid N2 to inhibit beam-induced oxidation of U(IV).
XANES spectra of the clay samples were measured in fluorescence yield using a 12
element solid-state Ge energy-dispersive detector. The spectrum of the UO2(s) standard was
measured in transmission mode. Data were processed and fitted using the ATHENA163
interface to IFEFFIT.164 Linear combination fitting in ATHENA was employed to quantify
the fraction of U(VI) and U(IV) in select samples.

4.3.4 Bicarbonate extraction
Carbonate forms much stronger aqueous complexes with U(VI) than with U(IV).3
Therefore, unreduced surface bound U(VI) should be more easily extractable with
carbonate than surface bound U(IV). This hypothesis was examined by applying a high
sodium bicarbonate dose to the U(VI)-reacted clay suspensions. Hence, a time-dependent
bicarbonate extraction study was conducted for U immobilized on both unreduced
montmorillonite and reduced montmorillonite with 0.9 g/L sorbent after reaction with an
initial U(VI) concentration of ~490 nM. The system pH of ~3 with no sodium and pH ~6
with either 0, 10 or 100 mM sodium concentration were selected as the background
conditions. Samples were collected and filtered after 24 hours of reaction (before addition
of any bicarbonate extractant) to assess the amount of aqueous U(VI) at adsorption
equilibrium. A sodium bicarbonate dose of 10 mM was applied on each of these batches,
and samples were collected at 1, 6, 24 and 72 hours to find the extent of uranium extraction
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as a function of time. All experiments were conducted in an anoxic chamber at a rotation
speed of 500 rpm. Alumina filters of 0.02 µm mesh size were used for sample collection.
We did not use MCE filters for these samples due to the high carbonate content in the
background electrolyte, which we found could mobilize trace amounts of uranium from the
reusable filter holders that were used with the MCE filters. The alumina filters used are
procured within filter holders that are for one time use and hence avoids the potential cross
contamination from the filter holder that could occur with the MCE filters.
Portions of the reacted clay suspension from each of the U(VI)-unreacted
montmorillonite and U(VI)-reduced montmorillonite batches listed in Table 4.1 were
collected separately for bicarbonate extraction. Based on our observation of the
experiments described in the previous paragraph, bicarbonate extraction can be treated as a
surrogate of the XANES method to examine the extent of U(VI) reduction by reduced
montmorillonite. A sodium bicarbonate dose of 10 mM was added to aliquots from each of
those batches and mixed at 500 rpm. Samples were collected after 2 hours and promptly
filtered using 0.02 µm alumina filters. The dissolved uranium concentration in the filtrates
was later measured by ICP-MS.

4.3.4 Surface complexation modeling of U(IV) adsorption onto reduced
montmorillonite
A surface complexation model was developed to explain the extent of adsorption of
U(IV) onto reduced montmorillonite. Immobilization of U(IV) in the presence of reduced
montmorillonite clay can take place by four different types of reactions: (i) precipitation of
U(IV) as UO2(am), (ii) adsorption of U(IV) onto the reactor wall, (iii) binding of U(IV) onto
the ion exchange sites of the clay sorbent and (iv) adsorption of U(IV) onto the edge sites
of the sorbent. Precipitation of amorphous UO2 and adsorption of U(IV) onto reactor wall
has been demonstrated by Wang et al.70 where they had used the same amber glass bottles
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and employed similar U(IV) sorbate loadings as in this study. Hence, the input parameters,
sets of reactions and corresponding thermodynamic constants to account for precipitation
and reactor wall adsorption of U(IV) were adopted directly from Wang et al.70 (Tables 4.2,
4.3). The concentration of the ion exchange sites, and the edge sites present in the reduced
montmorillonite were estimated based on previous literature.65, 70, 141
We adopted a simple non-electrostatic modeling framework because estimation of
the exact edge-site charge density for a stacked layer structure of montmorillonite is more
complicated than for simpler (oxy)hydroxide sorbents.128 The input dataset, comprised of
initial U(IV) loading (M), Na+ concentration (M), ionic strength (M), sorbent loading (g/L),
pH and percent of U(IV) adsorbed were considered. The equilibrium constants
corresponding to the U(IV) precipitation reaction and the reaction for U(IV) adsorption to
the reactor wall were fixed. Similarly, the equilibrium constants for sodium ion exchange
and protonation/deprotonation reactions for the edge sites were also fixed.65 The logK of
the two U(IV) ion exchange reactions and the lone U(IV) edge site adsorption reaction
were optimized for a minimum residual sum of square (RSS) of the difference between the
measured and the model generated values of percentage of U(IV) immobilized
corresponding to each datapoint. MINEQL+ 5.0 was used for chemical equilibrium
calculations, and the spreadsheet-based tool MINFIT165 was used for model optimization.
The model development approach is summarized in Figure S4 (Supporting Information).

4.4 Results and discussion
4.4.1 U(VI) reduction by reduced montmorillonite
When U(VI) was added to reduced montmorillonite suspensions, a significant
portion of the U was bound to the sorbent for all pH and background sodium concentrations
considered in this study (Figure 4.1). The extent of U uptake on reduced montmorillonite
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was more than 98% at pH~3 and a low sodium concentration, and also at pH~6 and a high
sodium concentration. At pH~6 and a low sodium concentration, the extent of U(VI) loss
from solution was only 88%.
The majority of U(VI) adsorbed onto unreduced montmorillonite could be extracted
by sodium bicarbonate after 2 hours for all three pH and background sodium concentration.
In contrast, the sorbed U resulting from U(VI) reaction with reduced montmorillonite
showed varying degrees of extraction for different background conditions. Almost no
uranium (< 1%) could be extracted at the pH 3 low sodium condition, suggesting complete
reduction of U(VI) by the structural Fe(II) present in the reduced montmorillonite structure.
Whereas, measurable fractions of the sorbed uranium could be extracted for the pH 6
experiments with the extents of extraction being 2.5% and 14.9% in systems under low
sodium and high sodium concentrations, respectively. This indicates that incomplete
reduction of U(VI) at near neutral pH. The extent of reduction was lower at a higher
sodium concentration, indicating that the uranium bound to edge sites is more labile with
respect to bicarbonate extraction than uranium bound to ion exchange sites. XANES
analysis (explained in a following section) of the reacted clay solids provides direct
quantitative information on extents of U(VI) reduction that is consistent with the extents
inferred from the bicarbonate extraction experiments.
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Figure 4.1. Extents of uranium(VI) uptake (solid bars) and extraction of sorbed
uranium (hollow bars) in presence of reduced montmorillonite (r-Mont.) or unreduced
montmorillonite (Mont.). Error bars show the error propagated from calibration error
in ICP-MS measurement.
Note: “L” = 10 mM NaCl and “H” = 100 mM NaCl. Extractant: 10 mM sodium
bicarbonate

4.4.2 Bicarbonate induced mobility of montmorillonite-associated uranium
The U(IV) generated on reduced montmorillonite at different pH and background
sodium concentration showed varying degrees of mobility. The extent of reduction of
U(VI) immobilized on the reduced montmorillonite surface is a strong function of the
system pH and Na+ concentration as explained in the previous section. Upon addition of 10
mM sodium bicarbonate extractant, the surface bound residual U(VI) is expected to be
extracted within a shorter time as compared to the surface bound U(IV). Bicarbonate
extraction for 1-6 h of uranium from samples generated from reaction of U(VI) with
reduced montmorillonite does show this trend. However, over a larger timescale (24-72 h),
a significant fraction of surface bound U(IV) also gets extracted by bicarbonate (Figure
4.2). One of the key observations of this time-dependent bicarbonate extraction study was
the very low level of uranium extraction from sample generated at pH 3 and low sodium
from reaction of U(VI) with reduced montmorillonite (< 10% even after 72 hours of
reaction). The extraction extents from samples from reaction of U(VI) with reduced
montmorillonite at pH 6 are much higher (~40-60%). The extents of uranium extraction in
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systems involving U(VI) immobilization onto unreacted montmorillonite are higher than
corresponding ones from samples from reaction of U(VI) with reduced montmorillonite.
However, relative extraction extents for different background conditions for U(VI)unreduced montmorillonite also show similar trends as for the samples from reaction of
U(VI) with reduced montmorillonite. The extent of extraction of uranium in pH 3 low
sodium U(VI)-unreduced montmorillonite system over 72 hours is significantly lower (at
<40%) than the extent of uranium extraction in pH 6 U(VI)-unreduced montmorillonite
systems (>80%). At pH 3 and the low Na+ condition almost all the surface bound uranium
is bound to the interlayer cation exchange site. Upon addition of sodium bicarbonate, the
uranium bound to the edge sites will be relatively easily extractable as compared to the
uranium bound to the cation exchange sites. This is because, unlike the uranium bound to
edge sites, carbonate ions do not come in contact with the uranium bound to the negatively
charged interlayer cation exchange sites. Among all the pH 6 systems, the extent of
uranium extraction is much higher in systems containing high sodium concentration (100
mM) as compared to that of the systems with no sodium and 10 mM sodium concentration.
This is because the fraction of uranium binding to the edge sites increases with the rise in
sodium ion concentration as a comparatively higher number of cation exchange sites will
be occupied by sodium ions at a higher background sodium concentration.
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Figure 4.2. Extents of uranium extraction for different U(VI)-clay systems with time
upon addition of 10 mM NaHCO3.
Total U(VI) loading = 0.415 µM, sorbent loading = 0.9 g/L
open symbols = unreduced montmorillonite; Solid symbols = reduced montmorillonite
Error bars show the standard deviation for duplicates.

4.4.3 Oxidation states of montmorillonite-associated uranium
X-ray absorption near-edge spectroscopy (XANES) of the uranium-bearing clay
samples/standards was conducted to quantify the extent of U(VI) reduction by the reduced
montmorillonite. The uranium-bearing reduced montmorillonite samples were prepared by
reacting either U(IV) or U(VI) with the sorbent at low pH and low sodium, and at nearneutral pH at either low or high sodium concentration (Table 4.1). The XANES spectra of
U(VI)-reacted unreduced montmorillonite samples were clearly different from those of the
U(IV)-reacted reduced montmorillonite samples, confirming that different oxidation states
of uranium are present in the two types of samples (Figure 4.3). U(VI) adsorbed onto
unreduced montmorillonite was not expected to undergo reduction at any stage of sample
preparation or measurement, and hence it could be used as a U(VI) standard for assessing
uranium oxidation state in other samples. While no U(VI) was expected to be present in
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reduced montmorillonite samples reacted with U(IV), U(IV) is susceptible to oxidation
and may not remain fully reduced when adsorbed onto reduced montmorillonite.
Linear combination fitting of the U(IV)-rM_pH3L sample using U(VI)-M_pH3L as
a U(VI) standard and UO2(s) as the U(IV) standard indicated that 100±4% U(IV) remained
unoxidized after adsorption. While the edge position for this sample was consistent with it
being dominated by U(IV), not all fine-structure features were reproduced, indicating that
the actual coordination environment of U(IV) on the reduced montmorillonite is not the
same as in UO2(s). Latta et al.19 found that U(IV) forms inner sphere complexes on the
magnetite and rutile surfaces, and UO2(s) is present only at high surface coverage. Hence,
we conclude that U(IV) is immobilized on the reduced montmorillonite surface by
adsorption and not by precipitation of UO2(s).
Linear combination fitting of the U(IV)-rM_pH6L sample spectrum indicated that
95.8±0.9% of total surface bound uranium remained as U(IV). On the other hand, fitting
results for U(IV)-rM_pH6H spectra indicated that 41±2% of the surface bound uranium
had undergone oxidation. This could be because of structural Fe(III) formed in the system
at high pH. Both U(IV)-rM_pH6L and U(IV)-rM_pH6H samples were prepared by
addition of aqueous U(IV) in multiple steps in a large volume (1L) of the clay suspension.
At every sorbate addition step the pH dropped below 6 and was quickly brought back to
around 6 by addition of sodium hydroxide. As the systems were poorly buffered and no
uniform mixing is expected in such systems, it is likely that local pH in some pockets of the
reactor might have risen well above 6 during the pH readjustment process causing
oxidation of structural Fe(II) to Fe(III). Earlier studies have shown that Fe(II) can oxidize
much faster with rise in pH (for pH>5) even under a very low dissolved oxygen
concentration (0.0032 mg/L).166, 167 This rapidly formed structural Fe(III) can oxidize the
surface bound U(IV).
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U(VI) reacted with reduced montmorillonite is expected to undergo reduction by
Fe(II) present in the reduced clay. Hence, the XANES spectra of the three samples were
fitted using the spectra of U(IV)-rM_pH3L as the U(IV) standard and corresponding
U(VI)-montmorillonite clay as the U(VI) standard (Figure 4.4). Complete reduction
(100.0±0.8%) was observed for the pH 3 sample. The extent of reduction for the pH 6 low
sodium sample was also complete (100.0±0.6%). Whereas, the pH 6 high sodium sample
had only 73±2% of its total uranium reduced to U(IV). This is consistent with the results
from bicarbonate extraction experiments where we observed >99%, 97.5% and 85.1% of
total sorbed uranium being unextractable within 2 hours with bicarbonate from pH 3 low
sodium, pH 6 low sodium and pH 6 high sodium samples respectively.

Figure 4.3. X-ray absorption spectra for U(IV) oxide standard, U(IV)-bearing reduced
montmorillonite samples and U(VI) bearing montmorillonite standards.
Note: M=montmorillonite, rM=reduced montmorillonite, L=10 mM & H=100 mM
sodium concentration
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Figure 4.4. Linear combination fitting of samples prepared by adsorption of U(VI) onto
reduced montmorillonite.
Note: rM=reduced montmorillonite, L=10 mM & H=100 mM sodium concentration.
Solid lines show the measured spectra and dashed lines show the fittings.

4.4.4 U(IV) adsorption onto reduced montmorillonite
Adsorption to montmorillonite can occur on permanently charged interlayer cation
exchange sites and on edge sites. Cation exchange sites generally have sodium ions bound
to them which get exchanged with foreign cations. This leads to formation of outer sphere
complexes. No net change in surface charge takes place due to sorption to interlayer sites
as exchange of cations takes place on a one to one charge basis. However, sorption of
cations on edge sites is analogous to those on (oxy)hydroxides. At low pH and low sodium
concentration only the interlayer sites are available for adsorption of cations. Whereas, at
near-neutral pH and high sodium concentration, only edge sites will be available for
adsorption. At near-neutral pH and low sodium concentration both interlayer sites and edge
sites will be available for adsorption. The extent of U(IV) adsorption on reduced
montmorillonite at low pH (below 3.5) and high sodium concentration (110 mM) was less
than 20 %. Whereas, in a low sodium system, > 60% of U(IV) was adsorbed even at pH 2.
The extent of U(IV) adsorption in such systems increased with increasing pH, reaching
>90% at pH~4. In systems with high sodium concentration that inhibited adsorption to
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cation exchange sites, the extent of U(IV) adsorption also increased with rising pH from
less than 20% at pH 2 to more than 90% at pH ~4.
The U(IV)-reduced montmorillonite adsorption extents for different pH and sodium
concentration were successfully simulated by surface complexation modeling. Cation
exchange capacity (CEC) and Fe(III) content of the unreacted montmorillonite (SWy-2)
has been reported to be 76.4 meq/100 g and 3.35% as Fe2O3(s) respectively.141 Reduction of
montmorillonite will lead to an increase of CEC since nearly all of the structural Fe(III) is
expected to be reduced to Fe(II).154 Based on this Fe content and extent of reduction, the
CEC of the reduced montmorillonite was estimated to be 116 meq/100 g. The
concentration of edge sites and the pKa values of the reduced montmorillonite employed in
this study were assumed to be the same as those estimated for unreduced montmorillonite
by Troyer et al.65 This assumption is reasonable as chemical reduction does not lead to
much structural changes in the edge sites. The logK of the sodium ion exchange reaction is
fixed at 13.8.65 The ion exchange and edge site adsorption reaction(s) involving U(IV)
species (indicated in bold in Table 4.3) are proposed in this study based on the dominant
U(IV) aqueous species that are expected to form under the pH range of interest (Table
A4.1).
Table 4.2. Non-electrostatic surface complexation modeling parameters
Parameter
Value
Source literature
−4
estimated141
Cation exchange capacity
[X ]total
11.6 × 10 eq/g
Reactor wall adsorption
Wang et al.,
[≡ROH]total
3.0 × 10−8 mol/L
sites
2015168
Troyer et al.,
Edge surface sites*
[≡SOH]total
1.5 × 10−4 mol/g
201665
Partial pressure of CO2
P(CO2)
10-3.4 atm
Sorbent loading
0.1 g/L
Note: *Edge site concentration estimated for montmorillonite
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Table 4.3. Reactions controlling immobilization of U(IV) in the batch systems
Reaction type
Reaction
logK
UO2(am)
𝑈 4+ + 2𝐻2 𝑂 ↔ 𝑈𝑂2(𝑎𝑚) + 4𝐻 +
-2.61*
precipitation
Adsorption onto
≡ 𝑅𝑂𝐻 ↔ ≡ 𝑅𝑂− + 𝐻 +
-7.2𐒈
4+
+
reactor wall
-1.37*
≡ 𝑅𝑂𝐻 + 𝑈 + 3𝐻2 𝑂 ↔ ≡ 𝑅𝑂𝑈(𝑂𝐻)3 + 4𝐻
13.8#
𝑋 − + 𝑁𝑎+ ↔ 𝑁𝑎𝑋
30.33
Ion exchange
𝟐𝑿− + 𝑼𝟒+ + 𝟐𝑯𝟐 𝑶 ↔ 𝑼(𝑶𝑯)𝟐 𝑿𝟐
−
𝟒+
12.43
𝑿 + 𝑼 + 𝟑𝑯𝟐 𝑶 ↔ 𝑼(𝑶𝑯)𝟑 𝑿
+
+
6.0#
≡ 𝑆𝑂𝐻 + 𝐻 ↔ ≡ 𝑆𝑂𝐻2
Edge site
−
+
-10.5#
≡ 𝑆𝑂𝐻 ↔ ≡ 𝑆𝑂 + 𝐻
adsorption
-0.94
≡ 𝑺𝑶𝑯 + 𝑼𝟒+ + 𝟑𝑯𝟐 𝑶 ↔ ≡ 𝑺𝑶𝑼(𝑶𝑯)𝟑 + 𝟒𝑯+
*
168 𐒈
169 #
65
Note: Wang et al., 2015;
Dong and Wan, 2014;
Troyer et al., 2016 for
montmorillonite
Reactions in bold font are proposed in this study based on the dominant U(IV) aqueous
species (Table A4.1) expected to be present under the range of pH of interest

The logK values of the three surface complexation reactions for which model
optimization was performed are listed in Table 4.3. Figure 4.5 shows the U(IV)-reduced
montmorillonite surface speciation obtained from surface complexation modeling. The
model output indicated that UO2(am) precipitation and U(IV) adsorption onto the reactor
walls were not significant for both low sodium and high sodium cases. This indicates that
adsorption of U(IV) onto the clay mineral surface is the dominant mechanism of U(IV)
immobilization for reduced montmorillonite at these U(IV) loadings. Ion exchange
reactions contribute significantly to the total U(IV) immobilized at low sodium
concentration (10 mM) with U(OH)2X2 and U(OH)3X being the dominant U(IV) surface
species at the pH ranges 2-3 and 3-4 respectively. Beyond pH 4, the edge site U(IV)
surface complex (≡SOU(OH)3) is the dominant species. At high sodium concentration, ion
exchange reactions are less important.
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Figure 4.5. Surface complexation species explaining U(IV) adsorption onto chemically
reduced montmorillonite for (a) 10 mM NaCl and (b) 110 mM NaCl.
For ~10 nM U(IV)tot, 0.1 g/L reduced montmorillonite

4.4.5 Uranium reduction mechanism
Based on our experimental results we propose that structural Fe(II) is the main
reductant for U(VI) reduction under all the conditions examined in this study. At low pH
and low sodium concentration we observed ~100% reduction of surface bound U(VI). In
this condition U(VI) adsorption onto reduced montmorillonite surface will take place
primarily at cation exchange sites. The electron transfer between uranium binding in the
interlayer and structural iron in the octahedral layer will lead to reduction of interlayer
U(VI) to U(IV) and subsequently structural Fe(II) will be oxidized to Fe(III). Evidence for
electron transfer between redox-active interlayer cations and structural Fe in smectites has
been demonstrated by Neumann et al.150 They observed that Fe(II) binding in the interlayer
of a nontronite can act as an electron acceptor for structural Fe(III) present in the octahedral
layer. In later work Latta et al.170 showed electron transfer between Fe(II) binding in the
interlayer and structural Fe(III) in montmorillonite. At near-neutral pH the extent of U(VI)
reduction was found to be a strong function of background sodium concentration. X-ray
absorption data show that at near-neutral pH ~100% of surface bound U(VI) was reduced
to U(IV) at low sodium concentration; whereas, only 73% of the total adsorbed U(VI) was
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reduced to U(IV) at high sodium concentration that inhibited U(IV) access to the interlayer.
This indicates incomplete reduction of U(VI) for reaction at edge sites.
Previous studies171, 172 have shown that montmorillonite undergoes dissolution at
pH < 4, causing release of Al3+ and Mg2+ from the edge sites. At low sodium concentration
such cations will be subsequently immobilized onto the cation exchange sites due to ion
exchange. In the case of chemically reduced montmorillonite, Fe2+ will also be released due
to edge site dissolution, and this Fe(II) can then bind to the cation exchange sites.
Chakraborty et al.67 provided XAS evidence for reduction of sorbed U(VI) by Fe(II) sorbed
on montmorillonite surface at pH 6.1 to 8.5. Therefore, we propose that U(VI) adsorbed to
the reduced montmorillonite at pH 3 and low sodium concentration can be reduced by the
surface bound Fe(II) generated from binding of Fe(II)(aq) released from the edge sites on the
cation exchange sites. Oxidation of surface-bound Fe(II) at low pH (<6) can lead to
formation of Fe(III) (oxy)hydroxide surface coatings.67 This could be either ferrihydrite or
poorly crystalline Fe(III) oxide.173 The mechanisms of U(VI) reduction are illustrated in
Figure 4.6.
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Figure 4.6. Mechanisms of surface bound U(VI) reduction on chemically reduced
montmorillonite at different conditions- (a) pH 3 at low sodium concentration=M1 and
M3, (b) pH6 at low sodium concentration=M1 and M2, and (c) pH6 at high sodium
concentration=M2 only.
M1 and M3 dominant at low pH and low sodium concentration, M1 and M2 (a) nearneutral pH with high sodium loading and (b) low pH with low sodium loading

4.4.6 Environmental implications
Structural Fe(II) in smectites generated as a result of in-situ microbial or abiotic
reduction of structural Fe(III) can play an important role in the fate and transport of
uranium in the subsurface. We found that for a small U(VI) surface loading, the structural
Fe(II) on montmorillonite leads to formation of non-uraninite U(IV) surface species. As
U(IV) is less soluble than U(VI), reduction of uranium by structural Fe(II) can lead to
potential immobilization of uranium under subsurface conditions. Uranium mine tailings
are a main source of uranium in subsurface environment. The pH of such tailing ponds is
typically in near-neutral to basic range (~7 to ~10). In this pH range, adsorption of U(VI)
onto cation exchange sites will not be significant due to absence of cationic U(VI) aqueous
species. Hence, U(VI) reduction will be limited by the concentration of Fe(II) located near
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the montmorillonite edges. However, in many cases, such uranium tailings can be
occasionally flooded by acid mine drainage leading to a drop in pH to below 4.53 In such a
situation cation exchange onto the interlayer spacing will be a dominant mechanism of
U(VI) adsorption onto montmorillonite. Based on the findings of Latta et al.19 for surface
bound U(IV) speciation on rutile and magnetite, these U(IV) surface species on
montmorillonite are expected to remain stable for months under anoxic condition before
they possibly transform into uraninite. Hence, stability of such U(IV) surface species over
shorter timescales is important to analyze. Our bicarbonate extraction experiments on
U(IV) surface species formed on montmorillonite indicate that their stability towards
carbonate is strongly decided by the nature of the sites at which uranium is primarily
adsorbing. Therefore, fate and transport of uranium in subsurface environments rich in
montmorillonite will be determined by the pH and background cation concentration.
Furthermore, the observations from the U(IV)-montmorillonite adsorption equilibrium
study and the subsequent modeling effort will help predict better reactive transport models
under anoxic conditions. Our findings in this study can help understand the fate and
transport of U(VI) as well as the U(IV) species formed due to reduction of U(VI) in
presence of reduced montmorillonite barrier in the underground radioactive waste
repository environment.
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Chapter 5: Uranium atom exchange between soluble and
solid-associated species probed using isotope tracers
5.1 Introduction
Redox-driven recrystallization is a phenomenon in which redox reactions lead to
exchange of atoms of an element between two phases (one solid and another aqueous),
which are in different oxidation states. While one half of the redox couple in one site of the
solid phase leads to its crystal growth, dissolution of the solid into the aqueous phase takes
place in another site due to another half of the redox couple. If the rates of crystal growth
and dissolution are the same, then there is no net change in the aqueous concentration of
the element, but net exchange of atoms takes place between the two phases. Hence, to
detect the occurrence of atom exchange, solid and aqueous phases are designed to have
different isotopic composition. Net transfer of an isotope between a solid and an aqueous
phase of an element where the element is at different oxidation states in the two phases,
denotes atom exchange due to redox-driven recrystallization. Isotope exchange can also
take place between a solid and an aqueous phase of an element which are at same oxidation
state.
Redox-driven recrystallization is well-established for iron(III) (hydr)oxides,71, 73, 74
manganese(IV) oxides75, 76 and lead(IV) oxides.77 Each of these elements (Fe, Mn, and Pb)
is more soluble under reducing conditions. Consequently, the corresponding aqueous phase
of the exchanging element (Fe, Mn or Pb) that induces redox-driven recrystallization of
these minerals are at lower oxidation state as compared to the oxidation state of the
exchanging element in the mineral. In contrast, uranium is more soluble under oxidizing
conditions, making U(VI) species the dominant aqueous species interacting with solid
U(IV) oxide. Under environmentally relevant conditions, Fe(II) is primarily found in the
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dissolved phase due to the high solubility of Fe(II) solids. Fe(III) on the other hand is less
soluble and mainly occurs as iron (hydr)oxide solids in nature. Redox-driven
recrystallization has been demonstrated for the Fe(II)-goethite (α-FeOOH) system by
Handler and co-workers in 2009.73 They proposed a five-step conveyer belt mechanism to
explain exchange of Fe atoms between soluble Fe(II) and solid goethite. They found that
growth of goethite takes place due to oxidation of Fe(II) adsorbed on the goethite surface
and subsequent incorporation of resultant Fe(III) into the goethite crystal structure. The
electron released in this step conducts through the goethite bulk, and reductive dissolution
of structural Fe(III) takes place at another reaction site. The amount of dissolved Fe(II)
produced during reductive dissolution is the same as the amount of dissolved Fe(II)
oxidized to Fe(III). Hence, the net amount of dissolved Fe(II) in the system remains
unchanged. This phenomenon of redox-driven recrystallization has also been established
for Fe(II)-hematite71 and Fe(II)-magnetite systems.72 Mn atoms get exchanged between
aqueous Mn(II) and the Mn(IV) solid vernadite (δ-MnO2).75 Unlike in the Fe system in
which only one electron is transferred between Fe(III) and Fe(II), for Mn the transition
from the stable reduced phase to the stable oxidized phase is accompanied by transfer of
two electrons. Hence, metastable Mn(III) is expected to be formed in such a system.75
Redox-driven recrystallization of MnO2(s) in presence of aqueous Mn(II) is found to occur
at pH 5 for the proposed reactions below (eqn. 5.1-5.3).75 However, at a higher pH (7.5),
the rate of exchange of Mn atoms between solid and aqueous phases of manganese was
much faster (isotope equilibration was attained in 4 days as compared with more than 3
months for a similar system at pH 5) due to transformation of vernadite into MnOOH(s).76
Recently, redox-driven recrystallization has also been observed in two different PbO2(s)
minerals in the presence of aqueous Pb(II).77
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𝑀𝑛(𝐼𝐼)(𝑎𝑞) + 54𝑀𝑛(𝐼𝑉)(𝑠) ↔ 𝑀𝑛(𝐼𝐼𝐼) + 54𝑀𝑛(𝐼𝐼𝐼)
↔

(5.1)

54

𝑀𝑛(𝐼𝐼)(𝑎𝑞) + 𝑀𝑛(𝐼𝑉)(𝑠)

𝑀𝑛(𝐼𝐼)(𝑎𝑞) + 54𝑀𝑛(𝐼𝐼𝐼)(𝑠) ↔
𝑀𝑛(𝐼𝐼)(𝑎𝑞) + 54𝑀𝑛(𝐼𝐼)(𝑠) ↔

54

𝑀𝑛(𝐼𝐼)(𝑎𝑞) + 𝑀𝑛(𝐼𝐼𝐼)(𝑠)

54

𝑀𝑛(𝐼𝐼)(𝑎𝑞) + 𝑀𝑛(𝐼𝐼)(𝑠)

(5.2)
(5.3)

Redox-driven recrystallization of UO2(s) can be induced by aqueous U(VI) due to
exchange of uranium atoms between the two phases. Exchange of uranium atoms between
aqueous U(VI) and non-crystalline U(IV) solids has been demonstrated.174-176 Evidence for
uranium atom exchange between a hydrated U(IV) oxide precipitate (UO2·2H2O) and the
aqueous phases of uranium was found by Wang et al78 under anoxic conditions at high DIC
concentration. However, no study on isotope exchange between crystalline UO2(s) and
aqueous U(VI) under anoxic conditions had previously been conducted. UO2(s), which is
the most stable U(IV) solid phase, is a semiconductor177 and hence electron conduction can
take place through the bulk of the mineral. Similar to Mn, in the case of U a transition from
the +4 to the +6 oxidation state can take place via a phase of intermediate oxidation state,
U(V) in the case of the U(VI)-UO2 system and Mn(III) for the Mn(II)-MnO2 system.
Formation of intermediate U(V) species has been observed due to biochemical reduction of
aqueous U(VI).16, 178, 179 Adsorbed U(V) was found to be formed as a result of reduction of
aqueous U(VI) on the surface of the mica mineral annite.180 Ilton et al., 2010 found
evidence for reduction of aqueous U(VI) into metastable adsorbed U(V) phase on the
surface of magnetite, and the U(V) phase was still stable after 59 days.181 In follow up
work they found electrochemical and spectroscopic evidence for one-electron
transformation of U(VI) to U(V).182 Equations 5.4 and 5.5 show the possible reaction
mechanisms explaining exchange of U atoms between aqueous U(VI) species and solid
UO2 for a system where 236U will be used as a tracer in the aqueous phase. Figure 5.1
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shows the possible mechanism of uranium atom exchange between aqueous U(VI) and
solid UO2 phases.
236

𝑈(𝑉𝐼)(𝑎𝑞) + 238𝑈(𝐼𝑉)(𝑠) ↔
↔

236

𝑈(𝑉𝐼)(𝑎𝑞) + 238𝑈(𝑉)(𝑠) ↔

236

𝑈(𝑉)(𝑎𝑑𝑠) + 238𝑈(𝑉)(𝑠)

(5.4)

238

𝑈(𝑉𝐼)(𝑎𝑞) + 236𝑈(𝐼𝑉)(𝑠)

238

𝑈(𝑉𝐼)(𝑎𝑞) + 236𝑈(𝑉)(𝑠)

(5.5)

Figure 5.1. Schematic of redox driven recrystallization in aqueous U(VI)- UO2(s) system
(modified from Handler et al73).
Note: The U(V)adsorbed generated as a result of comproportionation induces redox-driven
recrystallization of UO2(s).
UO2(s) occurs in the environment under anoxic conditions as the most stable U(IV)
solid species. Spent nuclear fuel (SNF) generated in nuclear power plants also contains
UO2(s) as its largest component. The phenomenon of redox-driven recrystallization will
become important when aqueous U(VI) species come in contact with UO2(s). Microbial
reduction of U(VI) has been found to result in nanoparticulate UO2(s) as well as U(IV)
bound to minerals and organic matter as initial products.16-21 A spectroscopic study of
sediments from the Sellafield site showed formation of nanocrystalline UO2(s) due to aging
of monomeric U(IV).183
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Long-term stability of UO2(s) at environmentally relevant conditions is important to
establish as that would determine whether reduction of U(VI) to UO2(s) as a remediation
strategy is effective to keep sufficiently low levels of uranium in the aqueous phase.
Continuous stirred tank reactor studies179, 184 on biogenic and synthetic UO2(s) dissolution
under various dissolved oxygen and DIC conditions have been conducted in the past to
examine stability on the basis of dissolution rates. Dissolution rates of both biogenic and
synthetic UO2(s) normalized to their surface area were of the same order of magnitude.
Redox-driven recrystallization might lead to change in morphology of UO2(s) crystals due
to exchange of uranium atoms. Recent work by Joshi and Gorski185 on goethite provided
evidence for preferential increase in the mean particle width due to redox-driven
recrystallization of goethite induced by dissolved Fe(II). Redox-driven recrystallization of
goethite in presence of Fe(II)(aq) also leads to increase in crystallinity of the goethite
mineral.186 The extent of recrystallization was found to be higher for goethite with smaller
initial crystallite size, and growth in the size of the goethite crystallite was also observed
with increasing extent of recrystallization of the goethite mineral.186 Similar trends have
been observed for Fe oxides in soil systems undergoing redox oscillations, where increase
in crystallinity of the Fe oxide minerals was observed over time.187 Therefore, increase in
crystallinity of the UO2(s) can also take place due to its redox-driven recrystallization.
The main objective of this task was to investigate whether or not redox-driven
recrystallization of UO2(s) takes place in the presence of aqueous U(VI) under
environmentally relevant anoxic conditions. The extent of adsorption of aqueous U(VI)
onto UO2(s) surface and formation of surface-bound U(V) was also examined. Moreover,
uranium atom exchange between aqueous U(VI) and U(VI) adsorbed to montmorillonite
was examined for comparison.
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5.2 Materials and Methods
5.2.1 Synthetic UO2(s)
Uranyl nitrate hexahydrate procured from ANTEC INC. was used as the precursor
for synthesis of UO2(s) in the laboratory. A three-step process was applied for synthesis of
UO2(s).184 In brief, uranyl nitrate hexahydrate was denitrified to obtain UO3(s). This freshly
synthesized UO3(s) was reacted with hydrochloric acid followed by hydrogen peroxide to
precipitate metastudtite (UO4·2H2O). Finally, metastudtite was reduced by hydrogen gas at
high temperature to obtain UO2(s). The detailed process of UO2(s) synthesis is given in
Appendix 3. Characterization of synthetic UO2(s) by X-ray diffraction analysis (details in
Appendix 3) indicated formation of highly crystalline and pure UO2(s). Scanning electron
microscopy was employed to characterize the particle shape and size of the UO2(s). In order
to find the average particle size of the UO2(s), the sizes of twenty-six randomly selected
particles were measured using ImageJ2 software. The average particle size of UO2(s)
particles was estimated to be 148 nm with a standard deviation of 25 nm (refer Appendix 5
for details). We assumed a cubic shape of the UO2(s) particles. Based on a UO2(s) solid
density of 10.97 g/cm3, the average specific surface area of the UO2(s) was estimated to be
3.70 m2/g (Appendix 5).
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Figure 5.2. Scanning electron microscopic image of the lab synthesized UO2(s).

5.2.2 Aqueous U(VI) stocks
Two different aqueous U(VI) stocks were used to ensure desired isotopic composition
in the aqueous phase of uranium in isotope exchange experiments and related control
experiments. Chemically, both the stocks were uranyl nitrate dissolved in dilute hydrochloric
acid or nitric acid, but they differ from each other in their isotopic composition. A U(VI)
stock solution that was predominantly 238U was prepared by dissolving uranyl nitrate
hexahydrate salt (procured from ANTEC INC.) in 0.1 mM hydrochloric acid. The
hydrochloric acid was used to ensure complete dissolution of uranyl nitrate. Nitric acid was
not used for dissolution of uranyl nitrate crystals as an elevated nitrate concentration could
oxidize U(IV). This stock solution was prepared from depleted uranium, and hence, expected
to be >99.7% 238U with a small fraction of 235U and almost no 236U. Natural uranium contains
0.7% 235U and the typical 235U content in depleted uranium is <0.3%.188, 189
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An aqueous U(VI) stock solution rich in 236U was procured from Eckert and Ziegler.
The specifications and reported isotopic composition of this U(VI) stock, as received from
the vendor, are shown in Table 5.1.
Table 5.1. Speciation and chemical composition of the aqueous 236U dominated U(VI)
stock
Chemical speciation
Uranyl nitrate in dilute nitric acid
Reported activity
50 nCi
Isotope
235

Composition

U
U
238
U
236

Mass %

Activity %

0.046
99.657
0.297

0.0015
99.997
0.0015

Estimation of the uranium concentration in the 236U-dominated aqueous U(VI) stock
was done from its reported activities and the specific activities of the constituent isotopes
present in the stock. The estimated uranium isotope concentration in the 236U-dominated
aqueous U(VI) stock is shown in Table 5.2.
Table 5.2. Estimated concentration of various uranium isotopes in the 236U dominated
U(VI) stock
Total Activity
Molar
Specific Activity*
per
unit
volume
concentration
Isotope
Activity %
(nCi/L)
(nCi/g)
(µM)
235

U

0.0015

0.0075

2100

0.02

236

U

99.997

499.985

63000

33.63

238

U

0.0015

0.0075

330

0.10

*

Specific activity of uranium isotopes were referenced from the Nuclear Solution Division of
Plexus Scientific.190

5.2.3 Preparation of calibration standards
Calibration standards for measurement of different isotopes of uranium with
inductively coupled plasma mass spectroscopy (ICP-MS) were prepared by mixing precalculated amounts of U calibration standard (comprised of depleted uranium) and the
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236

U-dominated U(VI) stock. The expected concentration of both 236U and 238U in each

calibration standard were the same. The relative intensity of 238U, 236U and 235U as
compared to the internal standard of 159Tb for a set of calibration standards are shown as a
function of expected 238U or 236U concentration (Figure 5.3). The ICP-MS measurements
of relative intensities of 236U and 238U for each calibration standard were on the same orders
of magnitude, indicating that the two isotopes can be measured together in a single method.
The 235U concentration was also measured in each calibration standard as a check. As
expected, the 235U intensity in each calibration standard was two orders of magnitude lower
than the corresponding 236U or 238U intensity.
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Figure 5.3. Relative intensity of 238U, 236U and 235U for a set of calibration standards as
a function of expected 238U or 236U concentration.

5.2.4 Adsorbed U(VI)/U(V) on UO2(s) surface
Adsorption of U(VI) has been found to take place on the hydrated U(IV) oxide
surface.78 Bicarbonate extraction is a widely used technique for separation of more labile
adsorbed U(VI) from crystalline UO2(s). To estimate the extent of adsorption of U(VI) onto
UO2(s) for environmentally relevant anoxic conditions, a batch of UO2(s) suspension was
dosed with aqueous U(VI). A UO2(s) suspension concentration of 8.4 mg/L (31.1 µM)
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received an initial aqueous U(VI) dose of 4.7 µM. System pH was controlled at 7.0 by
employing MOPS buffer. Ionic strength was controlled at 10 mM by ensuring pre-calculated
concentration of MOPS, NaCl and NaHCO3. The dissolved inorganic carbon concentration
was 1 mM. The stock solutions for MOPS, NaCl and NaHCO3 were all prepared in an anoxic
chamber by using respective dry salts that had been kept under vacuum in the antechamber
overnight. Anoxic solutions of NaOH and HCl were used for pH adjustment. The batch was
prepared inside the anoxic chamber in a glass serum bottle that was quickly sealed with a
butyl rubber stopper and crimped to ensure the system is gastight. Mixing was done on the
benchtop for 48 hours. After 48 hours of reaction, the reactor was moved inside the anoxic
chamber, a sample was collected and quickly filtered to account for total U(VI) adsorbed.
Then an elevated dose of 1 M DIC was added to extract U(VI) adsorbed onto UO2(s). The
samples were collected at different time points to measure any change in dissolved U(VI)
concentration due to bicarbonate extraction. The batches were set up in duplicate. Control
batches comprised of only UO2(s) suspension (31.1 µM as U) in the system were also studied
in duplicate. The sample collection and filtration protocols used for these experiments are
described in Appendix 5.
X-ray photoelectron spectroscopy (XPS) was also employed to examine the presence
of adsorbed U(VI) on the UO2(s) surface. 60 mg/L (222.2 µM) of clean UO2(s) (cleaning
protocol described in Appendix 5) was suspended in a serum bottle with a background DIC
of 1 mM and pH 7.0. Ionic strength was controlled at 10 mM by using NaCl. Aqueous U(VI)
of the same isotopic composition as the solid UO2(s) was added to provide a total U(VI)
concentration of 4 µM in the system. The batch was prepared in an anoxic chamber and
crimp-sealed with a rubber stopper. Continuous mixing was ensured by shaking on the
benchtop. Solids were collected after 5 days of reaction for XPS. A control with 60 mg/L of
UO2(s) without any added aqueous U(VI) was also prepared for comparison.
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5.2.5 Isotope exchange experiments
5.2.5.1 U(VI)(aq)-UO2(s) system
Batches were set up to investigate isotope exchange between UO2(s) and aqueous
U(VI). The isotopic composition of aqueous U(VI) was such that the initial 236U/238U isotope
ratio in the aqueous phase was 0.0118. The UO2(s) did not initially contain any 236U, and
hence, the initial 236U/238U of the solid phase (UO2(s)) was zero. In the event of uranium atom
exchange between the solid UO2 and the aqueous U(VI) with passage of time, 236U/238U in
the aqueous phase should decrease. The batches were set up in duplicate with a solid UO2
concentration of 9.6 mg/L (35.6 µM) with a background U(VI) concentration of 3.7 µM. The
pH of the system was maintained at 7.0 with the DIC concentration fixed at 1 mM. A batch
volume of 100 mL was used from which samples were collected periodically up to 47 days to
examine any change in dissolved U(VI) concentration and 236U/238U in the aqueous phase.
System pH was also monitored over the entire reaction period. Batches were prepared inside
the anoxic chamber in glass serum bottles. Reactor bottles were sealed with butyl rubber
stoppers and crimp-sealed to ensure no loss of DIC over time. The sealed reactor bottles were
shaken on the benchtop in an inverted position. Protocols for sample collection and filtration,
as described in Appendix 5, were followed to ensure no intrusion of oxygen into the reactors
and minimum interference of filter membranes on estimation of dissolved uranium
concentration. Several control experiments were also performed at the same pH, ionic
strength, and DIC conditions as the U(VI)-UO2 experiments. One control was a set of
batches with only UO2(s) in the system and no added aqueous U(VI). Another control was a
set of batches with only U(VI) and no UO2(s). The details of all the batches are given in Table
5.3. Two additional batches, one with 8.4 mg/L (31.1 µM) UO2(s) and another with 4.7 µM
aqueous U(VI) (with initial 236U/238U = 0.0116±0.005) and 8.4 mg/L (31.1 µM) UO2(s) were
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set up to measure solid and aqueous pool sizes of uranium and the 236U/238U isotope ratio at
equilibrium. These two additional batches were digested after 48 hours of reaction, and the
total dissolved uranium concentration and 236U/238U isotope ratio were measured (details are
in Appendix 5).
Table 5.3. Experimental conditions of the batches set up for isotope exchange
experiments.
Initial
Ionic
UO2(s)
Batch ID
U(VI)(aq)
Raq,in
Rs,in
pH
strength
(µM)
(µM)
(mM)
U(VI)+UO2(s)
3.7
0.0118
35.5
0
7.0
10
UO2(s)_only

0.0

0.0000

35.5

0

7.0

10

U(VI)_only

3.7

0.0118

0.0

N/A

7.0

10

Note: Raq,in and Rs,in are initial 236U/238U ratio in the aqueous and the solid phases
respectively.
5.2.5.2 U(VI)(aq)-U(VI) adsorbed onto montmorillonite system
Unlike UO2(s), U(VI) adsorbed onto montmorillonite is non-crystalline, and it can
potentially exchange uranium atoms with aqueous U(VI) at comparatively much faster rate.
Therefore, isotope exchange was also investigated for a system containing U(VI) bound to
montmorillonite surface as the solid uranium phase and aqueous U(VI) as the bulk aqueous
phase. To obtain surface-bound U(VI) phase on montmorillonite, 5.1 µM 238U-dominated
aqueous U(VI) was added to a montmorillonite suspension (0.5 g/L solid concentration). The
extent of uranium adsorption for an equilibration time of 24 hours was observed. After 24
hours of reaction, a small amount of aqueous 236U(VI) was added to ensure a concentration of
~20 nM of aqueous 236U in the system. Adding this spike of ~20 nM 236U(VI) did not lead to
a significant change in total dissolved U(VI) concentration in the system, but the net change
in the isotope ratio (236U/238U) was considerable. Experiments were conducted in duplicate
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for these conditions. Samples were collected to observe the change in total dissolved uranium
concentration and 236U/238U of the dissolved uranium.

5.3 Results and Discussion
5.3.1 Uptake of U(VI) on UO2(s)
U(VI) was taken up on the UO2(s) surface for a UO2(s) solid loading of ~8.4 mg/L and
initial U(VI) loading of 4.7 µM. The extent of sorption of U(VI) after 48 hours of reaction
was 1.3 µM with a dissolved U(VI) concentration of 3.4 µM at equilibrium (Figure 5.4).
Based on the UO2 loading and the specific surface area of the UO2, this amount of uptake
corresponds to a surface coverage of 33.3 µmol/m2. Based on a surface site density of 8.44
sites/nm2 for UO2(s) (details in Appendix 5), the molar concentration of surface sites was
estimated to be 14.0 µmol/m2 which is lower than the surface coverage of U(VI) observed in
this study. This suggests that the uptake of U(VI) on UO2(s) is not just as adsorption of a
monolayer of U(VI) on the UO2(s) surface. An oxidized rind of (VI) and U(V) can form on the
UO2(s) surface, and this rind may be responsible for uptake of U(VI) in a thin poorly ordered
surface phase. The presence of such an oxidized rind on U(IV) minerals has also been found
in environment.191 Upon addition of an elevated dose (1 M) of dissolved inorganic carbon,
extraction of U(VI) took place. More than 85% of the U(VI) originally taken up was
extracted after 2 hours of reaction with bicarbonate. The extent of extraction was ~85% after
45 hours of reaction with the bicarbonate extractant. The dissolved uranium concentration in
the control batches comprised of only the UO2(s) suspension in the system, was much lower at
~90 nM (Figure 5.4). No substantial increase in the dissolved uranium concentration was
observed in the UO2(s) controls even after 45 hours of bicarbonate extraction (Figure 5.4).
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Figure 5.4. (a) Bicarbonate extraction of surface bound uranium from UO2(s); (b) uptake
of U(VI) on UO2(s) surface and its bicarbonate extraction.
Note: Total UO2(s) dose was ~8.4 mg/L (31.1 µM as U)

5.3.2 Characterization of surface-bound uranium
X-ray photoelectron spectroscopy (XPS) of the UO2(s) reacted with aqueous U(VI)
was conducted after 5 days of reaction. Evidence for the presence of U(VI), U(V), and U(IV)
on the UO2(s) surface was found for both the UO2(s) control and UO2(s)-U(VI)(aq) mixed
systems. However, the combined percentage of U(VI) and U(V) on the UO2(s) surface was
slightly higher in the UO2(s)-U(VI)(aq) mixed system than the UO2(s) control. The XPS analysis
of the UO2 solids collected from the control batch (comprising only UO2(s)) showed ~20% of
uranium on the UO2(s) surface was either U(VI) or U(V) with 16.7% U(V) and 2.9% U(VI).
In the UO2(s)-U(VI)(aq) mixed system, more than 24% of uranium located on the UO2(s)
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surface was U(V) or U(VI). Out of this 24%, only a small percentage (3.7%) was U(VI). The
addition of aqueous U(VI) onto UO2(s) did not show substantial change in percentage
distribution of surface uranium species of different oxidation states. However, occurrence of
U(V) on the UO2(s) surface indicates its potential role in redox driven recrystallization of
UO2(s). Occurrence of the surface U(VI)/U(V) on UO2(s) further supports the formation of an
oxidized rind of uranium on UO2(s).
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Figure 5.5. X-ray photoelectron analysis of the surface uranium atoms on UO2(s) reacted
with aqueous U(VI) and UO2(s) not reacted with aqueous U(VI).
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5.3.3 Isotope exchange experiments
5.3.3.1 U(VI)(aq)-UO2(s) system
No statistically significant change in 236U/238U of the aqueous U(VI) phase was
observed even after 47 days of reaction. 3.7 µM aqueous U(VI) with 236U/238U of
0.0116±0.0005 was added to the batch reactor. The dissolved U(VI) concentration in the first
sample (collected within 5 minutes) was only 2.6 µM, indicating that significant uptake of
U(VI) occurred almost instantaneously. However, UO2 starts dissolving over a longer time
period which is indicated by the increase in the dissolved U(VI) concentration with time.
After 47 days of reaction, the dissolved U(VI) concentration was of the same level as the
initial U(VI) dose added to the batch. The 236U/238U of the dissolved U(VI) measured in the
sample collected within 5 minutes of the start of the reaction was 0.0117±0.0005. After 47
days of reaction the 236U/238U isotope ratio was 0.0113±0.0006, which was not statistically
significantly different from the initial isotope ratio. Anoxic dissolution of UO2(s) was not
observed in the controls where only UO2(s) was present with no aqueous U(VI) in the bulk.
Hence, any change in aqueous uranium concentration due to dissolution of UO2(s) could be
neglected. The estimated 236U/238U isotope ratio in dissolved U(VI) if the aqueous U(VI) had
completely exchanged with the surface U(VI) and U(V) species and the estimated 236U/238U
isotope ratio of the entire U(VI)-UO2 system, if all U (solid and aqueous) in the system
exchanged completely have also been indicated in Figure 5.7. The percentage of uranium
atoms in a UO2(s) particle of size 148 nm that are at the surface was estimated to be 1.4%
(details in Appendix 5).The measured value of the isotope ratio (236U/238U) in the test batch
(8.4 mg/L UO2(s) with 4.7 µM U(VI) (initial 236U/238U=0.0116±0.0005)) that was digested to
solubilize all U was 0.0013±0.0002, which was close to the anticipated value of 0.0011
(details in Appendix 5).
107

Figure 5.6. Average total dissolved uranium concentration in the control reactors with
UO2(s) and aqueous U(VI) mixed phases and UO2(s) only.
The solid line shows the initial total U(VI) dose added to the reactor.
Filled squares are the average dissolved uranium concentration in UO2(s) and U(VI) mixed
systems.
Hollow squares are the average dissolved uranium concentration in UO2(s) only systems.
Error bars show standard deviation of the measurements for duplicate batches.
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Figure 5.7. Average isotope ratio between 236U and 238U of dissolved uranium in the
reactors comprised of UO2(s) and aqueous U(VI) mixed phases.
Rin = initial 236U/238U isotope ratio in aqueous U(VI) added
Rf,surface = estimated 236U/238U isotope ratio in dissolved U(VI) if the aqueous U(VI) had
completely exchanged with the surface U(VI) and U(V) species
Rf,bulk = estimated 236U/238U isotope ratio of the entire U(VI)-UO2 system, which would be the
value if all U (solid and aqueous) in the system exchanged completely
Rf,digested = measured 236U/238U after complete digestion of a control batch comprised of 4.7
µM aqueous U(VI) (initial 236U/238U = 0.0116±0.005) and 8.4 mg/L (31.1 µM) UO2(s)
(236U/238U = 0).
Filled diamonds show the average isotope ratio in UO2(s) and U(VI) mixed systems.
Error bars show propagated measurement error.

5.3.3.2 U(VI)(aq)-U(VI) adsorbed onto montmorillonite system
A small fraction of the initial dose of aqueous 238U(VI) added to the montmorillonite
suspension adsorbed onto the montmorillonite surface. The dissolved uranium concentration
after 72 hours of reaction was 4.7 µM. Hence, out of 5.1 µM total U(VI), ~0.4 µM is
expected to be in the form of adsorbed U(VI). Adsorption of U(VI) is expected to take place
only on the edge sites under the pH and DIC conditions employed in this batch (pH 7.3 and 1
mM DIC). After 72 hours of adsorption equilibration, 20 nM of aqueous 236U(VI) was added
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as a spike which would provide a 236U/238U isotope ratio of the aqueous phase of 0.00410
immediately after the addition of the spike but only increase the dissolved U(VI) to 4.719
µM. Samples were collected to monitor the total dissolved U(VI) concentration (Figure 5.7)
and 236U/238U ratio (Figure 5.8) at 5 minutes and 2 hours after addition of the aqueous
236

U(VI) spike. The total dissolved U(VI) concentration measured just after addition of

236

U(VI) spike was slightly higher at 4.8 µM than what was observed before addition of the

spike (4.7 µM). However, after 2 hours the total dissolved U(VI) concentration increased to
~5.0 µM. The 236U/238U isotope ratio measured within 5 minutes and 2 hours were slightly
lower than the initial isotope ratio of 0.0041 but higher than the isotope ratio estimated to be
at equilibrium (0.00379). There is also a slight decrease in the isotope ratio with time,
indicating occurrence of isotope exchange. However, the system has not achieved
equilibrium within 2 hours. Unlike UO2(s), all uranium atoms in adsorbed U(VI) are located
on the surface. Hence, isotope exchange equilibrium between the aqueous U(VI) and
adsorbed U(VI) can take place in much shorter timescales. It should be noted that under the
pH and DIC conditions that were employed in this experiment, U(VI) will be almost entirely
adsorbed onto the montmorillonite edge sites.
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Figure 5.8. Total dissolved uranium concentration in the reactor comprised of U(VI)
adsorbed onto montmorillonite and aqueous U(VI).
Time=0 h indicates the instance of addition of 20 nM 236U(VI)(aq) spike.
Error bars show the measurement error.
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Figure 5.9. 236U/238U isotope ratio of dissolved uranium in the reactor containing U(VI)
adsorbed onto montmorillonite and aqueous U(VI).
The black solid line shows the initial isotope ratio of aqueous U(VI) after addition of the
236
U(VI) spike.
The red solid line shows the final isotope ratio expected after complete exchange of dissolved
and adsorbed U(VI).
Error bars show the measurement error.

5.3.4 Discussion
No redox-driven recrystallization of the UO2(s) was observed under anoxic conditions
at near-neutral pH even after 47 days of contact with aqueous U(VI). The isotope ratio
(236U/238U) of the aqueous phase after 47 days of reaction was equal to the initial 236U/238U in
the aqueous phase. The expected equilibrium isotope ratio (236U/238U) if all the uranium
atoms in the solid UO2 bulk have exchanged with the aqueous U(VI) was considerably lower
(~10 times) as compared to the isotope ratio (236U/238U) observed in the aqueous U(VI) after
47 days of reaction. Hence, no evidence for uranium atom exchange between the UO2(s) bulk
and the aqueous U(VI) were found. The equilibrium isotope ratio (236U/238U) if all the surface
uranium atoms (1.4% of the total solid uranium pool in UO2(s)) exchange with the aqueous
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U(VI) is slightly lower at 0.0104 as compared to the final isotope ratio (236U/238U) of the
aqueous U(VI) observed after 47 days (0.0113±0.0006). Hence, no uranium atom exchange
between the UO2(s) surface and the bulk aqueous phase could be established over a timescale
of 47 days. U(VI) adsorbed onto montmorillonite showed a much higher rate of isotope
exchange with the aqueous U(VI) as compared to UO2(s) as surface bound U(VI) is much
readily available for exchange with the aqueous phase as compared to the crystalline UO2(s).
Redox-driven recrystallization of goethite in presence of Fe(II)(aq) has shown that the
extent of recrystallization of the goethite mineral is strongly correlated to the crystallinity of
the initial goethite mineral phase.186 The extent of recrystallization decreases with increasing
crystallinity of the goethite mineral. Hence, high crystallinity of UO2(s) can be the reason for
no redox-driven recrystallization under the selected background conditions. Southall et al.,
2018186 showed that the rate of redox-driven recrystallization of goethite is a strong function
of the crystallite size of the initial mineral phase. Therefore, a much higher rate of redoxdriven recrystallization of the UO2(s) mineral phase could potentially be observed if a UO2(s)
of smaller crystallite size were employed. A faster rate of redox-driven recrystallization of the
UO2(s) can potentially be observed by employing a larger pool of the solid UO2 as compared
to the current UO2(s) concentration. This is because the number of the reactive surface sites
present in the system could be increased by increasing the concentration of UO2(s) in the
batch.
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Chapter 6: Conclusions and Recommendations for Future
Work
6.1 Summary of dissertation
Fate and transport of uranium in the subsurface environment can be controlled by
adsorption of U(VI) onto minerals and its subsequent reduction to U(IV). In parts of this
dissertation work, robust surface complexation models have been developed to explain
U(VI) adsorption trends for a large range of input conditions onto two significant minerals
(goethite and montmorillonite) that occur in the natural subsurface environment. Reduction
of adsorbed U(VI) by structural Fe(II) present in montmorillonite was demonstrated using
X-ray absorption spectroscopy, and the stability of the resultant surface bearing U(IV)
species was studied by bicarbonate extraction technique. A surface complexation model
explaining U(IV) adsorption onto chemically reduced montmorillonite was also developed.
Lastly, experiments were set up to investigate whether aqueous U(VI) can induce redoxdriven recrystallization of UO2(s) under environmentally relevant anoxic condition. No
significant redox-driven recrystallization of UO2(s) was observed even after 47 days of
reaction with aqueous U(VI). X-ray photoelectron spectroscopy showed presence of
surface bound U(VI) and U(V) on the UO2(s) in an anoxic system where the UO2(s) had not
been brought in contact with aqueous U(VI). The percentage of surface-bound U(VI)/U(V)
on the UO2(s) surface increased after the UO2(s) has undergone reaction with aqueous U(VI).
Multiple surface complexation modeling studies on U(VI) adsorption onto the
common iron (oxy)hydroxide mineral- goethite were sourced from previous works for
intercomparison study. These models differ from one another on various aspectselectrostatic type of the model, site density of the goethite sorbent, set of U(VI) aqueous
complexation reactions and the set of surface complexation reactions that constitute each of
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these models. Twenty-one different datasets, reflecting varied input conditions from
multiple different studies were sourced for intercomparison of these models. The
adsorption predictions of these models differ from one another for each individual dataset
which is reflected in large variation in the RMSEs of a given model from dataset to dataset.
The predicted values of adsorbed U(VI) were not close to the experimentally observed
values of adsorbed U(VI) for most of the datasets that were originally not implemented in
generation of the reviewed model. The main driver of variation of adsorption prediction
was the presence of different sets of surface complexation reactions and the values of their
equilibrium constants in different reviewed models.
A set of robust surface complexation models were developed by employing the
composite dataset obtained by compiling all the twenty-one individual datasets sourced
from multiple studies. All the robust models generated by employing this large and varied
composite dataset resulted in suppression of variation of RMSE values across the wide
range of input conditions. The overall best-fit robust model was a triple plane model
comprised of a bidentate monomeric goethite-uranyl complex ((≡FeOH)2UO2+ with
optimum logK of 14.39), a bidentate dimeric goethite-uranyl complex
((≡FeOH)2(UO2)2(OH)2 with optimum logK of 9.01), and two monomeric (one bidentate
and one monodentate) goethite-uranyl-carbonate ternary complexes ((≡FeOH)2UO2CO3and (≡FeO)CO2UO20.5+ with optimum logK’s of 12.58 and 16.34 respectively). The
resultant RMSE for the best-fit triple plane model for the composite dataset was 12.24 with
a correlation coefficient >0.95. A dimeric goethite-uranyl complex was found to be
important at a high surface coverage of U(VI) on goethite. Existence of such a dimeric
complex has already been supported by EXAFS studies. The double layer models,
comprised of bidentate goethite-uranyl and goethite-uranyl-carbonate ternary complexes,
resulted in the RMSE values of the same range as observed for the triple plane models.
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However, the RMSEs of the monodentate only double layer models were much higher than
the other models. This observation is in agreement with the spectroscopic evidence of
U(VI) bidentate complexation on goethite surface. The best-fit double layer model is
comprised of one goethite-uranyl ((≡FeO)2UO2 with optimum logK of -2.97) and two
goethite-uranyl-carbonate ternary complexes ((≡FeOH)UO2CO3 and (≡FeOH)2UO2CO3
with optimum logK’s of 9.26 and 16.44 respectively). The resultant RMSE of the best-fit
double layer model for the composite dataset was 12.97 with a correlation coefficient of
0.9499.
Overall, the more mechanistically complex model with higher levels of mechanistic
consistency provided a better fit to the experimental data. The state-of-the-art triple plane
model gave the best overall fit to the composite dataset. For the same surface reaction
stoichiometry robust models optimized using either triple plane or double layer formulation
resulted in similar goodness of fit to the composite dataset. The bidentate nature of the
uranyl surface complex was a critical factor for the model performance.
A set of surface complexation models on adsorption of U(VI) onto montmorillonite
were studied. Three different models which differ from one another on various aspects
were selected for intercomparison. All three models had different surface electrostatics.
Each model had two different types of edge sites. These edge sites had been classified in
two different ways: (i) strong and weak sites or (ii) aluminol and silanol sites. The site
density of each edge-site type also differed from model to model. The set of edge site
U(VI) surface complexation reactions were also different from model to model. All three
models had included at least one U(VI) edge-site surface complexation reaction to account
for adsorption of U(VI) onto edge sites. However, only one model had U(VI)-carbonate
ternary complexation reaction(s). Only one unique set of cation exchange reaction was
included in all three models. But the logK of the cation exchange reaction was not
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necessarily same in all models. Twenty different datasets were sourced from five different
studies. Each dataset corresponds to a unique set of input conditions which varied from one
another. The U(VI) adsorption predictions of each of the three models for each of these
twenty datasets showed varying trends. Not surprisingly each model performed best for
those datasets which had been employed in their development. However, performance of
each of the three models for the other datasets (that were not employed in their
development) were not satisfactory. The main drivers of variation of model performance
for a given dataset were (i) different U(VI)-edge site complexation reaction(s) and their
logK values and (ii) presence or absence of U(VI)-carbonate edge site ternary
complexation reaction(s).
The robust model developed in this study employing a composite dataset generated
by compiling all the twenty datasets performed much better than any of the three previous
models reviewed in this study. The robust model differed from the previous models in
many aspects. Unlike the reviewed models, five distinct edge site types were assumed to
account for sorbent edge surface chemistry. The site density and protonation-deprotonation
reactions for each edge site type were adopted from a recent study on surface acid-base
chemistry of montmorillonite. The robust U(VI)-montmorillonite surface complexation
model was developed using a state-of-the-art technique to account for the spillover charge
effect when estimating edge surface potential. The robust model showed adsorption of
U(VI) only on the dominant edge site type with three monomeric U(VI) edge site surface
reactions (≡ S(1)H2 UO+
2 , ≡ S(1)HUO2 and ≡ S(1)UO2 (OH)2

−3

with optimum logK

values of 0.93, -4.58 and -26.97 respectively), and one monomeric U(VI)-carbonate edge
−3

site surface reaction ( ≡ S(1)H2 UO2 (CO3 )2 with optimum logK of 14.95). Unlike the
previous models, no polymeric U(VI) surface reactions were required for optimizing the
robust model. This is in agreement with previous spectroscopic studies on U(VI) adsorbed
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onto montmorillonite as presence of U(VI)-carbonate ternary complex on montmorillonite
had been found in presence of DIC, but no evidence for polymeric U(VI) surface
complexation has been found. Apart from the above-mentioned edge-site reactions, a single
cation exchange reaction was also optimized for the large and varied composite dataset to
account for U(VI) adsorption onto cation exchange sites.
Surface-bound U(VI) was reduced to U(IV) by structural Fe(II) present in
montmorillonite. Sodium saturated montmorillonite clay was chemically reduced to obtain
Fe(II) containing reduced montmorillonite. The extent of U(VI) reduction by reduced
montmorillonite was a strong function of the background pH and sodium concentration. Xray absorption spectroscopy was employed to examine oxidation state of uranium in
reduced montmorillonite samples that had been reacted with aqueous U(VI) under various
pH and sodium background conditions. At low sodium concentration (~10 mM), >99% of
U(VI) reduced to U(IV) both at low (~3) and near neutral (~6) pH. Whereas, extent of
U(VI) reduction was only partial (~70%) for near neutral pH (~6) and high sodium
concentration (~100 mM). At pH~3 and low sodium concentration (10 mM), U(VI) is
expected to primarily adsorb onto cation exchange sites. The structural Fe(II) located in the
interior of the montmorillonite layer can reduce the U(VI) binding in the interlayer space
due to cation exchange. At a near-neutral pH (~6) and low sodium concentration (10 mM),
U(VI) adsorption can take place on both the cation exchange sites and the edge sites. The
portion of U(VI) binding to the cation exchange site is available for reduction by structural
Fe(II) located in the interior of the montmorillonite layer. Whereas, U(VI) binding to the
edge sites can only be reduced by Fe(II) located near the montmorillonite layer edge.
However, at a near-neutral pH (~6) and high sodium concentration, U(VI) adsorption
would take place only on the edge sites and hence, subsequent reduction of sorbed U(VI)
could take place only by structural Fe(II) located near the montmorillonite layer edge.
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Stability of the uranium binding onto reduced montmorillonite under different pH
and background sodium concentration was examined by bicarbonate extraction. The trends
of bicarbonate extraction of uranium binding onto reduced montmorillonite differ
according to the background condition. X-ray absorption spectroscopy showed that at low
background sodium concentration, U(VI) adsorbed onto reduced montmorillonite will be
almost entirely (>99%) reduced to adsorbed U(IV). However, at a high sodium
concentration, only partial reduction of U(VI) adsorbed onto reduced montmorillonite can
take place. Uranium adsorbed onto reduced montmorillonite at low pH (~3) and no
background sodium concentration, showed very low extents of extraction (~10%) even
after 72 hours of reaction with 10 mM sodium bicarbonate. In contrast, uranium adsorbed
onto reduced montmorillonite at near neutral pH (~6), even at no background sodium
concentration, showed a much higher extent of extraction (~60%) after 72 hours of reaction
with 10 mM sodium bicarbonate. Hence, U(IV) bound to the cation exchange sites is much
more recalcitrant to bicarbonate extraction than U(IV) bound on the edge sites. At near
neutral pH, the bicarbonate extraction extent of uranium adsorbed onto reduced
montmorillonite up to 24 hours of reaction showed an increasing trend with decreasing
background sodium concentration. This indicates that the higher the fraction of uranium
binding to the edge sites, the higher will be the extent of extraction. However, the
extraction extent of uranium after 72 hours of reaction with 10 mM sodium bicarbonate did
not show any major difference according to the background sodium concentration that were
employed during uranium uptake onto reduced montmorillonite.
Equilibrium batch reactions on adsorption of aqueous U(IV) onto reduced
montmorillonite showed similar trends as had been observed for U(VI) adsorption onto
montmorillonite. As expected, significant (>60%) adsorption of U(IV) was observed for
low pH (2-4) and low background sodium conditions. In contrast, U(IV) adsorption edge
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for high sodium systems showed a gradual increase of U(IV) adsorption with an increase in
pH (from <5% at pH 2 to >90% at pH 4.5). U(IV) adsorption onto reduced montmorillonite
was successfully simulated by a non-electrostatic surface complexation model. The model
was developed by considering binding of the two significant U(IV) cations U(OH)22+ and
U(OH)3+ by cation exchange into the clay interlayer. The best-fit model is comprised of
only one edge site complex (≡ SOU(OH)3 with optimum logK of -0.94). The logK of the
hypothetical cation exchange species- U(OH)2X2 and U(OH)3X, were 30.33 and 12.43
respectively.
Finally, no evidence for aqueous U(VI)-induced redox-driven recrystallization of
UO2(s) was found at pH 7 and 1 mM DIC even after 47 days of reaction. 236U was employed
as a tracer in the aqueous phase with an initial isotope ratio (236U/238U) of aqueous U(VI) at
0.0118. The UO2(s) did not have any 236U, and hence, the initial isotope ratio (236U/238U) in
the UO2(s) phase was 0. No statistically significant change in the isotope ratio (236U/238U)
was observed even after 47 days of reaction. A substantial fraction of aqueous U(VI)
initially added in the system was found to adsorb onto UO2(s) surface. This could be
desorbed by addition of an elevated dose of sodium bicarbonate (1 M) to the system. X-ray
photoelectron spectroscopic (XPS) analysis showed presence of U(VI)/U(V) on the UO2(s)
surface that had not been brought in contact with any aqueous U(VI). Surface U(VI)/U(V)
content was slightly higher for a UO2(s) that had been reacted with aqueous U(VI) when
compared with a UO2(s) that had not been reacted with aqueous U(VI). Unlike the U(VI)UO2(s) system, isotope exchange between aqueous U(VI) and U(VI) adsorbed onto
montmorillonite surface was observable.
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6.2 Research implications
Adsorption of U(VI) onto common minerals like goethite and montmorillonite is an
important equilibrium phenomenon that can control mobility of uranium in natural
environment. Surface complexation modeling has been employed to describe these
equilibrium adsorption reactions. The existing surface complexation models for both the
U(VI)-goethite and the U(VI)-montmorillonite systems had been developed by employing
small sets of input conditions, and hence, their adsorption predictions for large range of
input conditions are not satisfactory. The robust models developed for both the U(VI)goethite and U(VI)-montmorillonite systems provided better adsorption predictions for a
wide range of input conditions that are more likely to occur in environment. This study also
provides framework for developing a single set of equilibrium constants for a selected set
of surface complexation reactions using for a particular electrostatic framework. Unlike the
aqueous complexation reactions, a single set of universally accepted equilibrium reaction
constants (applicable for all electrostatic framework) will never be achieved. However, the
robust models developed for a particular electrostatic framework can be considered as
critically reviewed surface complexation models for better prediction of uranium adsorption
in environmental systems.
Although robust surface complexation models were developed for both U(VI)goethite and U(VI)-montmorillonite systems, the implications of the work that was
accomplished for the two systems are slightly different. In case of the U(VI)-goethite
system we optimized a series of surface complexation models with different complexity
and compared the quality of fit for a large composite dataset. We found that the correct
stoichiometry of the surface complexation reactions is important to achieve better fit
adsorption prediction. In this regard, our approach of relying on spectroscopic evidence for
determining the set of surface complexations reactions was crucial in developing more
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realistic models. Unlike the U(VI)-goethite system, the robust model developed for U(VI)montmorillonite system comprised of two different types of surface reactions- edge site
reactions and cation exchange reactions. Unlike the U(VI)-goethite system, no series of
surface reactions with varying complexity was optimized to find out correlation between
the mechanistic complexity of the model and its adsorption prediction. However, state-ofthe-art edge surface site model, comprised of five different edge surface sites, was adopted
from previous study which was more realistic representation of the montmorillonite edge
site than the previous approach of employing two-site types. The U(VI)-montmorillonite
robust model also included more realistic estimation of edge surface charge density which
accounted for the layered structure of the montmorillonite mineral. The stoichiometries of
the edge site reactions and the cation exchange reaction assumed in the robust model were
supported by spectroscopic studies. Our surface complexation modeling study on U(VI)montmorillonite system shows the importance of considering mechanistically realistic edge
sites, correct estimation of edge surface charge density and surface reaction stoichiometries
supported by spectroscopic studies for development of a robust surface complexation
model for U(VI) adsorption onto montmorillonite. This approach can be applied ot other
such sorbate-sorbent systems where the sorbent has a layered structure like
montmorillonite.
Arriving at robust sets of surface complexes and equilibrium constants determined
from optimizing large datasets compiled from numerous previous studies would benefit the
scientific community by identifying priority needs for new data to reduce uncertainty in
model predictions and enabling better reactive transport models for predicting the fate and
transport of uranium in environmentally relevant systems. Assembling literature datasets
and performing reanalysis as in the present study are of values to the community, and the
presented methodology would shed lights to other important sorbate-sorbent systems.
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Structural iron present in the montmorillonite is a large pool of iron in the
subsurface environment where montmorillonite occurs ubiquitously. Almost entirety of the
structural iron present in natural montmorillonite is Fe(III). However, under anoxic
condition microbial reduction of Fe(III) can lead to formation of structural Fe(II). This
structural Fe(II) can play an important role in fate and transport of uranium in the
subsurface. We found that structural Fe(II) can reduce U(VI) adsorbed onto the chemically
reduced montmorillonite surface into adsorbed U(IV) surface species. Due to lower
solubility of U(IV) than U(VI), reduction of U(VI) into U(IV) ensures better
immobilization of uranium in the environment. uranium mine tailings are a major source of
uranium contaminant in the environment. The typical pH of these tailings is in the range of
~7 to ~10. In this pH range, adsorption of U(VI) onto cation exchange sites will not be
significant due to absence of cationic U(VI) aqueous species. Hence, U(VI) reduction will
be limited by the concentration of Fe(II) located near the montmorillonite edges. However,
in many cases, such uranium tailings can be occasionally flooded by acid mine drainage
leading to a drop in pH to below 4.53 In such a situation cation exchange onto the interlayer
spacing will be a dominant mechanism of U(VI) adsorption onto montmorillonite. Our Xray absorption study shows that reduction of U(VI) adsorbed in the montmorillonite
interlayer due to cation exchange is >99%, indicating better immobilization of uranium.
However, U(VI) adsorbed primarily onto the edge sites was only partially reduced (~70%).
The U(IV) surface species formed on montmorillonite at different pH and
background sodium concentration are expected to remain stable for months under anoxic
condition before they possibly transform into uraninite. Our bicarbonate extraction
experiments on U(IV) surface species formed on montmorillonite indicate that their
stability towards carbonate is strongly decided by the nature of the sites at which uranium
is primarily adsorbing. Therefore, fate and transport of uranium in subsurface environments
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rich in montmorillonite will be determined by the pH and background cation concentration.
Furthermore, the observations from the U(IV)-montmorillonite adsorption equilibrium
study and the subsequent modeling effort will help predict better reactive transport models
under anoxic conditions. Our findings in this study can help understand the fate and
transport of U(VI) as well as the U(IV) species formed due to reduction of U(VI) in
presence of reduced montmorillonite barrier in the underground radioactive waste
repository environment.
Redox-driven recrystallization study of UO2(s) in presence of aqueous U(VI) under
anoxic condition illustrates the importance of crystallinity of the UO2(s) mineral over its rate
of recrystallization. We did not observe any recrystallization of the UO2(s) under the
relevant anoxic near-neutral conditions. As evidenced by the X-ray diffraction study, the
UO2(s) employed in these experiments was highly crystalline. Therefore, it is expected that
any further recrystallization of the UO2(S) will be very slow and may not be observable in
the timescale of 47 days. In subsurface environment, lowly crystalline U(IV) solids can be
found which are expected to undergo redox-driven recrystallization at a rate which might
be fast enough to be observed within much smaller timescales.

6.3 Recommended Future work
The robust surface complexation models for U(VI)-goethite system developed in
this study only accounted for variation in pH and DIC. In environmentally relevant
conditions, Ca2+ and CO32-form strong aqueous complex with U(VI), and hence, adsorption
of U(VI) onto goethite can be affected by background Ca2+ concentration. Apart from Ca2+,
organic ligands can also form aqueous complexes with U(VI). As a future work,
performance of the robust models developed in this work can be checked for input
conditions that reflect sufficient variation of concentration of Ca2+, DIC and various
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organic ligands expected under environmentally relevant concentration. Adsorption edge
data for the U(VI)-goethite system need to be collected for varying concentration of Ca2+
and DIC as well as different organic ligands. Variation of temperature and ionic strength is
also for better understanding of U(VI) adsorption equilibrium under environmentally
relevant conditions. Hence, adsorption edge data for the U(VI) adsorption onto goethite at
different temperatures and ionic strengths can be collected. The robust models developed in
this study then can be recalibrated by employing these new data.
The framework developed in this study for finding a robust model for U(VI)goethite system can also be applied to U(VI) adsorption onto other common
(oxy)hydroxide minerals. After models have been developed using composite datasets for
enough minerals, adsorption to real sediments could potentially be predicted using a
component additivity approach.
The robust surface complexation model developed in this dissertation work for
U(VI) adsorption onto montmorillonite is applicable for adsorption prediction of U(VI)
onto montmorillonite in the presence of Na+ as the background cation. Effect of Ca2+ on
U(VI) adsorption onto montmorillonite should also be considered for a more robust surface
complexation model for U(VI)-montmorillonite system. This is because of two different
factors: (i) the effect of Ca2+ on availability of cation exchange sites for UO22+ at low pH
and (ii) formation of Ca-U(VI)-carbonate aqueous complex at near-neutral to high pH. Like
Na+, Ca2+ will also occupy the cation exchange sites in the montmorillonite interlayer, and
hence, uptake of U(VI) by cation exchange also needs to account for competing cation
exchange reaction of UO22+ with Ca2+. At near neutral to high pH range, calcium can form
the Ca2UO2(CO3)3(aq) complex causing a much lower extent of adsorption of U(VI) onto
montmorillonite than what was expected in U(VI)-montmorillonite system in absence of
calcium. Hence, variation of calcium concentration is also important to account for U(VI)
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adsorption onto montmorillonite at near-neutral to high pH (pH>7). The U(VI) adsorption
data for varying calcium concentration is available for pH>7 from previous work. Reoptimization of this model can be done for such data to improve the robustness of the
existing model.
High sulfate concentration can be present in environmentally relevant systems
where uranium adsorption can be controlled by montmorillonite. These conditions can be
typically found in uranium tailings flooded with acid mine drainage where pH can be
below 4. Sulfate forms strong aqueous complexes with U(VI) under acidic conditions, and
hence, it can affect mobility of U(VI). However, no data for U(VI) adsorption onto
montmorillonite has been collected in presence of sulfate. Hence, any improvement in the
existing robust model to account for effect of sulfate will need efforts to acquire such data.
Another important factor to account for improvement of this robust model is to reoptimize
it to a sizeable U(VI)-montmorillonite adsorption dataset at varying elevated DIC
concentration which can be relevant for subsurface environments. Our findings suggest that
under high DIC, U(VI)-carbonate ternary surface complexation dominates the adsorption of
U(VI) onto montmorillonite. However, we used a limited number of high DIC datapoints
(only 10) to optimize the ternary U(VI)-carbonate surface complexation reaction in this
study. More adsorption edge data for U(VI)-montmorillonite system could be collected for
different high DIC concentration that can be typically found in the environment.
Reduction of adsorbed U(VI) into U(IV) by structural Fe(II) present in chemically
reduced montmorillonite was observed at different pH and background sodium
concentration as evidenced by XANES analysis. However, no substantial information on
the coordination environment of the U(IV) adsorbed onto the reduced montmorillonite
surface could be extracted as no useful EXAFS data could be collected because of the low
surface loading of uranium. As a follow up to this work, such EXAFS data can be collected
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to interpret U(IV) coordination environment. That can lead to better understanding of the
adsorption and subsequent reduction mechanisms of U(VI) on the surface of reduced
montmorillonite.
The effect of DIC on the extent of reduction of U(VI) by structural Fe(II) present in
reduced montmorillonite can also be studied as U(VI) has been found to form ternary
surface complexes on montmorillonite in the presence of DIC. Similarly, impact of varying
background calcium concentration on extent of reduction of U(VI) binding onto reduced
montmorillonite can also be studied at both low (<4) and near-neutral to high (>6) pH.
The surface complexation model on U(IV) adsorption onto reduced montmorillonite
developed in this study can be improved by considering more realistic surface
electrostatics. Like that of the U(VI)-montmorillonite robust model explained in Chapter 3,
a state-of-the-art technique to account for surface potential of the layered structure of the
reduced montmorillonite sorbent can be considered to develop a more realistic U(IV)reduced montmorillonite surface complexation model. Chemical reduction of
montmorillonite into reduced montmorillonite leads to reduction of structural Fe(III)
present in the montmorillonite. Impacts of reduction of the structural Fe(III) on the
adsorption properties of reduced montmorillonite can also be studied.
Finally, redox-driven recrystallization of UO2(s) in presence of aqueous U(VI) can
be studied for a higher dose of UO2(s) (~1 g/L) in the system as the number of active UO2(s)
sites could be rate limiting. Hence, a comparatively faster isotope exchange kinetics can
potentially be observed for a larger pool size of UO2(s). Redox-driven recrystallization of
UO2(S) in presence of aqueous U(VI) can also be studied for other environmentally relevant
pH and DIC conditions. We observed occurrence of isotope exchange between aqueous
U(VI) and U(VI) adsorbed onto montmorillonite within timescales of 5 minutes. This
indicates that adsorbed discrete U(VI) atoms can exchange with the aqueous U(VI) at a
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much faster rate than the U atoms contained within crystalline UO2(s). The isotope
exchange experiments between aqueous U(VI) and U(VI) adsorbed onto montmorillonite
can be studied at a different pH and DIC condition where a larger pool of adsorbed U(VI)
can be obtained due to higher extent of adsorption of U(VI) onto montmorillonite surface
in those conditions. Later, isotope exchange experiments can be designed for other
environmentally significant adsorbed species and for U-containing solids. Another
important factor that can affect the rate of recrystallization of the UO2(s) is the crystallinity
of the UO2(s). As subsurface environments contaminated with uranium typically contain
U(IV) species of varying crystallinity before they age into highly crystalline UO2(s), redoxdriven recrystallization of such lowly crystalline UO2(s) should also be studied. Other
important factors which can affect UO2(s) chemistry are the high temperature and salt
content encountered in spent nuclear fuel repository environment. The redox-driven
recrystallization of UO2(s) under conditions relevant in the repository environment can also
be studied.

128

References
1.
Kleykamp, H., The chemical state of LWR high-power rods under irradiation. Journal of
Nuclear Materials 1979, 84 (1-2), 109-117.
2.
Domingo, J. L., Reproductive and developmental toxicity of natural and depleted uranium: a
review. Reproductive Toxicology 2001, 15 (6), 603-609.
3.
Guillaumont, R.; Mompean, F. J., Update on the chemical thermodynamics of uranium,
neptunium, plutonium, americium and technetium. 2003.
4.
Janeczek, J.; Ewing, R., Dissolution and alteration of uraninite under reducing conditions.
Journal of Nuclear Materials 1992, 190, 157-173.
5.
Bargar, J. R.; Bernier-Latmani, R.; Giammar, D. E.; Tebo, B. M., Biogenic uraninite
nanoparticles and their importance for uranium remediation. Elements 2008, 4 (6), 407-412.
6.
Lovley, D. R.; Phillips, E. J., Reduction of uranium by Desulfovibrio desulfuricans. Applied
and environmental microbiology 1992, 58 (3), 850-856.
7.
Sharp, J. O.; Schofield, E. J.; Veeramani, H.; Suvorova, E. I.; Kennedy, D. W.; Marshall,
M. J.; Mehta, A.; Bargar, J. R.; Bernier-Latmani, R., Structural similarities between biogenic
uraninites produced by phylogenetically and metabolically diverse bacteria. Environ. Sci. Technol.
2009, 43 (21), 8295-8301.
8.
Lovley, D. R.; Phillips, E. J.; Gorby, Y. A.; Landa, E. R., Microbial reduction of uranium.
Nature 1991, 350 (6317), 413.
9.
Singer, D. M.; Chatman, S. M.; Ilton, E. S.; Rosso, K. M.; Banfield, J. F.; Waychunas, G.
A., Identification of simultaneous U (VI) sorption complexes and U (IV) nanoprecipitates on the
magnetite (111) surface. Environ. Sci. Technol. 2012, 46 (7), 3811-3820.
10.
Singer, D. M.; Banfield, J. F.; Waychunas, G. A. In Identification of U (VI) sorption products
and precipitates on magnetite by GI-SAXS, GI-XAS, and microscopy, GEOCHIMICA ET
COSMOCHIMICA ACTA, PERGAMON-ELSEVIER SCIENCE LTD THE BOULEVARD,
LANGFORD LANE, KIDLINGTON, OXFORD OX5 1GB, ENGLAND: 2010; pp A965-A965.
11.
O'Loughlin, E. J.; Kelly, S. D.; Cook, R. E.; Csencsits, R.; Kemner, K. M., Reduction of
uranium (VI) by mixed iron (II)/iron (III) hydroxide (green rust): formation of UO2 nanoparticles.
Environ. Sci. Technol. 2003, 37 (4), 721-727.
12.
Alexandratos, V. G.; Behrends, T.; Van Cappellen, P., Sulfidization of lepidocrocite and its
effect on uranium phase distribution and reduction. Geochimica et Cosmochimica Acta 2014, 142,
570-586.
13.
Gallegos, T. J.; Fuller, C. C.; Webb, S. M.; Betterton, W., Uranium (VI) interactions with
mackinawite in the presence and absence of bicarbonate and oxygen. Environ. Sci. Technol. 2013, 47
(13), 7357-7364.
14.
Veeramani, H.; Scheinost, A. C.; Monsegue, N.; Qafoku, N. P.; Kukkadapu, R.; Newville,
M.; Lanzirotti, A.; Pruden, A.; Murayama, M.; Hochella Jr, M. F., Abiotic reductive immobilization
of U (VI) by biogenic mackinawite. Environ. Sci. Technol. 2013, 47 (5), 2361-2369.
15.
Brookshaw, D. R.; Pattrick, R. A.; Bots, P.; Law, G. T.; Lloyd, J. R.; Mosselmans, J. F.
W.; Vaughan, D. J.; Dardenne, K.; Morris, K., Redox interactions of Tc (VII), U (VI), and Np (V)
with microbially reduced biotite and chlorite. Environ. Sci. Technol. 2015, 49 (22), 13139-13148.
16.
Alessi, D. S.; Lezama-Pacheco, J. S.; Stubbs, J. E.; Janousch, M.; Bargar, J. R.; Persson,
P.; Bernier-Latmani, R., The product of microbial uranium reduction includes multiple species with
U (IV)–phosphate coordination. Geochimica et Cosmochimica Acta 2014, 131, 115-127.
17.
Bernier-Latmani, R.; Veeramani, H.; Vecchia, E. D.; Junier, P.; Lezama-Pacheco, J. S.;
Suvorova, E. I.; Sharp, J. O.; Wigginton, N. S.; Bargar, J. R., Non-uraninite products of microbial
U (VI) reduction. Environ. Sci. Technol. 2010, 44 (24), 9456-9462.
18.
Fletcher, K. E.; Boyanov, M. I.; Thomas, S. H.; Wu, Q.; Kemner, K. M.; Löffler, F. E., U
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Table A1.1. Input conditions of surface complexation modeling studies reviewed.
MGM03

JHLCH99

VTL01#

HL85^

SPH08†

Villalobos
et
al.,
200154

Hsi and
Langmuir
, 198529

Sherman
et
al.,
200850

TLM

TLM

TPM

8.4

1

10

10, 1, 0.1!

1.2, 12

8

1

1

0.09

1.79

1.03, 10.3

1.79

0.747

1.345

0.0204

35

58.6

52

58.6

45

45

45

Site density
(sites/nm2)

1.3

2.3

10

2.3

10

18

3.03

IS
(M)

0.1

0.1

0.1

0.1

0.1

0.1

0.1

10-2.66,
10-1.30,
10-0.038
atm
7.29
8.93
N/A
N/A

No DIC,
10-3.49, 101.69 atm

No DIC, 1
mM, 10
mM

No DIC,
10-3.5

6.9
10.9
1.2
0.2

4.5
12
1.4
0.2

N/A
9.18
1.05
2

Grenthe et
al., 1992130

Dongarra
and
Langmuir,
1980; Baes
and
Messmer,
1976;
Langmuir
1978 and
Maya,
1928b

Tripathi,
198452,
Chandratill
ake et al.,
1988192,
Guillaumo
nt et al.,
20033

*

DA96#

Source

Missana
et
al.,
200347

Duff and
Amrhein
, 199639

Jung et al.,
199943

Model type

DLM

DLM

DLM

Zavarin
and
Bruton,
199955
NEM

[U(VI)]T
(µM)

0.44

8.4

100

Goethite
(g/L)

2

8

[≡FeOH]T
(mM)

0.154

SSA
(m2/g)

Model ID

Dissolved
inorganic
carbon
(DIC)
pKa1
pKa2
C1 (F/m2)
C2 (F/m2)

Source of
aqueous
reactions

No DIC
7.2
10
N/A
N/A

Grenthe et
al.,
1992130
and
Tripathi,
198452

10-2.66,
10-1.30,
10-0.038
atm
7.91
10.02
N/A
N/A

Grenthe et
al.,
1992130
and
Tripathi,
198452

ZB99*

$

No
DIC,
10-3.49 atm
7.5
10.2
N/A
N/A

Grenthe et
al., 1992130
and
Chandratilla
ke et al.,
1988192

Grenthe
et
al.,
1992130
and
Tripathi,
198452

DLM=Diffuse layer model, NEM=Non-electrostatic model, TLM=Triple layer model, IS=Ionic
Strength, SSA=Specific surface area, [U(VI)]T=Total uranyl concentration, [≡FeOH]T=Total molar
concentration of ≡FeOH sites.
!
There are 3 distinct SPH08 models (details in Table A1.3) developed by employing different
[U(VI)]T.
SPH08_A=10 µM, SPH08_B=1 µM and SPH08_C=0.1 µM [U(VI)]T
SPH08 models also comprise of ≡Fe3O sites (site density=2.78 sites/nm2)
For details of sources of aqueous complexation reactions refer Table SF1.
Quantity minimized for model optimization (Refer the top row of the table for legends)
2
*∑[(%𝑈(𝑉𝐼)
[𝑈(𝑉𝐼)
]
#∑
𝑎𝑑𝑠 )𝑚𝑜𝑑𝑒𝑙 − (%𝑈(𝑉𝐼)𝑎𝑑𝑠 )𝑜𝑏𝑠 ]
−
[(log10 [𝑈(𝑉𝐼) 𝑎𝑑𝑠 ])

$∑ 𝑊𝐹

𝐷𝑂𝐹

𝑑𝑖𝑠𝑠 𝑚𝑜𝑑𝑒𝑙
[𝑈(𝑉𝐼)𝑎𝑑𝑠 ]
(log10 [𝑈(𝑉𝐼) ]) ]
𝑑𝑖𝑠𝑠 𝑜𝑏𝑠

Not specified, †ꭓ2

^

[(%𝑈(𝑉𝐼)𝑎𝑑𝑠 )𝑚𝑜𝑑𝑒𝑙 −

(%𝑈(𝑉𝐼)𝑎𝑑𝑠 )𝑜𝑏𝑠 ]2
Subscripts (ads=adsorbed, diss=dissolved, model=model generated, obs=experimentally observed).
WF= Weighting factor based on total U(VI) concentration, DOF= Degree of freedom
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Table A1.2. Sets of additional surface complexation reactions considered in different model
studies with their equilibrium constants.
Model ID
MGM0
347

log K’s

Surface complexation reactions
≡ FeOH + UO2 2+ ↔ ≡ FeOUO2 + + H +
2+

2.800
+

≡ FeOH + UO2 + H2 O ↔ ≡ FeOUO2 OH + 2H
DA9639
≡ FeOH + UO2 2+ + H2 O ↔ ≡ FeOUO2 OH + 2H +
≡ FeOH + 2H + + CO3 2− ↔ ≡ FeHCO3 + H2 O
≡ FeOH + H + + CO3 2− ↔ ≡ FeCO3 − + H2 O
≡ FeOH + UO2 2+ + CO3 2− + 3H2 O ↔
≡ FeOH2 (UO2 )2 CO3 (OH)3 + 2H +
≡ FeOH + UO2 2+ + H2 O ↔ ≡ FeOUO2 OH + 2H +
JHLCH99
≡ FeOH + 2H + + CO3 2− ↔ ≡ FeHCO3 + H2 O
43
≡ FeOH + H + + UO2 2+ + 3CO3 2− ↔
≡ FeOH2 UO2 (CO3 )3 3−
≡ FeOH + UO2 2+ + H2 O ↔ ≡ FeOUO2 + + 2H +
ZB9955
≡ FeOH + UO2 2+ ↔ ≡ FeUO2 OH 2+
≡ FeOH + Na+ ↔≡ FeO− Na+ + H +
≡ FeOH + NO3 − + H + ↔≡ FeOH2 + NO3 −
≡ FeOH + UO2 2+ + H2 O ↔ ≡ FeOUO2 OH + 2H +
≡ FeOH + 3UO2 2+ + 5H2 O
+
HL8529
↔ ≡ FeO(UO2 )3 (OH)5 + 6H +
≡ FeOH + H + + UO2 2+ + 2CO3 2−
↔ ≡ FeOH2 + UO2 (CO3 )2 2−
≡ FeOH + H + + UO2 2+ + 3CO3 2−
↔ ≡ FeOH2 + UO2 (CO3 )3 4−
≡ FeOH + Na+ ↔≡ FeO− Na+ + H +
≡ FeOH + ClO4 − + H + ↔≡ FeOH2 + ClO4 −
≡ FeOH + H + + CO3 2− ↔ ≡ FeO−0.2 COO−0.8 + H2 O
VTL0154
≡ FeOH + 2H + + CO3 2− ↔ ≡ FeOCOOH + H2 O
2 ≡ FeOH + UO2 2+ ↔ (≡ FeO)2 UO2 + 2H +
2 ≡ FeOH + UO2 2+ + 2CO3 2−
2−
↔ (≡ FeO)2 UO2 (CO3 )2 2− + 2H +
Note: Each of these models also includes a set of protonation/deprotonation
whose log K values are shown in Table A1.1.
Surface reactions for SPH08 models shown in Table A1.3.
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-3.700
-3.070
20.780
12.710
15.510
-6.102
22.080
35.424
-3.050
6.630
-10.100
7.000
-8.000
-15.000
30.000
38.500
-9.290
8.380
13.400
19.240
-4.710
10.570
reactions

Table A1.3. Sets of surface complexation reactions considered in different models developed
by Sherman et al., 200850 study (SPH08) with their equilibrium constants.
Surface complexation reaction
ΔZ1
ΔZ2
log K
Primary charging reactions of goethite
9.18
≡FeOH0.5- + H+ ⇌ ≡FeOH20.5+
0.5+
0.5+
9.18
≡Fe3O + H ⇌ ≡Fe3OH
0
1
-1
≡FeOH0.5- + Na+ ⇌ (≡FeOH)Na0.5+
0.5+
0.51
-1
8.2
≡FeOH + H + NO3 ⇌ (≡FeOH2)NO3
0.5+
0.51
-1
8.7
≡FeOH + H + Cl ⇌ (≡FeOH2)Cl
1
-1
7.5
≡FeOH0.5- + H+ + ClO4- ⇌ (≡FeOH2)ClO40.50.5+
0.5+
0
1
-1
≡Fe3O + Na ⇌ (≡Fe3O)Na
0.5+
0.51
-1
8.2
≡Fe3O + H + NO3 ⇌ (≡Fe3OH)NO3
1
-1
8.7
≡Fe3O0.5- + H+ + Cl- ⇌ (≡Fe3OH)Cl0.50.5+
0.51
-1
7.5
≡Fe3O + H + ClO4 ⇌ (≡Fe3OH)ClO4
Surface complexation reactions of carbonate on goethite
1
-1
22.61
2≡FeOH0.5- + CO32- + 2H+ ⇌ (≡FeO)2CO- +
2H2O
-1
1
13.66
≡FeOH0.5- + CO32- + H+ + Na+ ⇌ ≡FeOCO2-1.5
–Na+ + H2O
Surface complexation reactions of uranium on goethite
A
B
C
0.52+
+
2
0
13.45
13.45
14.11
2≡FeOH + UO2 ⇌ (≡FeOH)2UO2
0.52+
+
2≡FeOH
+ 2UO2 + 2H2O - 2H ⇌
2
0
8.38
(≡FeOH)2(UO2)2(OH)2
2≡FeOH0.5- + UO22+ + CO32- ⇌
2
-2
21.88
21.05
21.03
(≡FeOH)2UO2CO3≡FeOH0.5- + UO22+ + CO32- + H+ ⇌
-1
2
22.46
22.92
(≡FeO)CO2UO20.5+ + H2O
Note: A=SPH08_A, B=SPH08_B and C=SPH08_C
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Derivation of log K correction term for reviewed models
For each dataset, log K values of the monodentate surface complexation reactions
were adjusted by adding a correction term to account for the site occupancy reference state
used in optimization of those equilibrium constants in the previous studies. This approach
has been illustrated in detail by Sverjensky.193 The expression for the log K correction term
is given by equation A1.1.
𝐴𝑆
𝑙𝑜𝑔𝐾 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑡𝑒𝑟𝑚 = 𝑙𝑜𝑔 [ ]
𝐴⸸

(A1.1)

Here, As is the specific surface area of the sorbent used for developing the model and A⸸ is
the specific surface area of the sorbent used in the experiment corresponding to the input
condition for which model predictions are to be made.
For bidentate surface complexation reactions, the log K correction term is given by
equation A1.2.
𝐶𝑆
𝑙𝑜𝑔𝐾 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑡𝑒𝑟𝑚 = 𝑙𝑜𝑔 [ ]
𝐶⸸

(A1.2)

Here, Cs is the molar concentration of the sorbent used for developing the model and C⸸ is
the molar concentration of the sorbent used in the experiment corresponding to the input
condition for which model predictions are to be made.
For each dataset, the log K values of surface complexation reactions were adjusted
by adding a correction term to account for the hypothetical standard state (1 M) used in
optimization of those equilibrium constants in the previous studies. Although, the standard
state is expressed in molarity, the activity of surface complexation species is directly
proportional to its mole fraction in the total sorbent. Sverjensky193 derived the expression
for the corrected equilibrium constant (one based on a new standard state) in terms of the
equilibrium constant based on the old standard state (equation A1.3). This corrected
equilibrium constant is independent of the surface properties of the sorbent used for
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developing the model. To find adsorption predictions using different models we chose
different specific surface areas for different input conditions. However, the site density was
kept at the value specified for a given model. Hence, the expression for corrected reaction
constant gets simplified to equation A1.4.
𝑁𝑆 𝐴𝑆
𝐾𝜃 = 𝐾0 (
)
𝑁⸸ 𝐴⸸

(A1.3)

Here, Ns and As are site density and specific surface area of the sorbent used for
developing the model, and N⸸ and A⸸ are the site density and specific surface area of
the sorbent from the input condition for which model predictions are to be made.

𝐾𝜃 = 𝐾0 (

𝐴𝑆
)
𝐴⸸

(A1.4)

The expression for log K correction term is given in equation S5.
𝐴𝑆
𝑙𝑜𝑔𝐾 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑡𝑒𝑟𝑚 = 𝑙𝑜𝑔𝐾 𝜃 − 𝑙𝑜𝑔𝐾 0 = 𝑙𝑜𝑔 [ ]
𝐴⸸

(A1.5)

This expression for the log K correction term derived above (equation A1.5) is valid
only for monodentate surface complexes. The log K correction term for bidentate
complexation will be derived in following paragraph.
In the case of bidentate complexation, the equilibrium constant based on a mole
fraction activity basis is expressed as equation A1.6.194
𝐾𝑋 =

[≡ 𝑆2 𝐵]
𝑆
[≡ 𝑆]2 [𝐵] 𝑡𝑜𝑡

However, for a standard state based on molarity, the corrected log K of the
bidentate surface complex will be independent of the solid concentration. Hence, the
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(A1.6)

expression for corrected log K for a bidentate surface complex is modified to equation
A1.7.
𝐶𝑆
𝐾𝜃 = 𝐾0 ( )
𝐶⸸

(A1.7)

Here, Cs is the molar concentration of the sorbent used for developing the model, and C⸸ is
the molar concentration of the sorbent from the input condition for which model
predictions are to be made.
Therefore, the log K correction term for a bidentate surface complexation reaction is
expressed as equation A1.8.
𝐶𝑆
𝑙𝑜𝑔𝐾 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 𝑡𝑒𝑟𝑚 = 𝑙𝑜𝑔𝐾 𝜃 − 𝑙𝑜𝑔𝐾 0 = 𝑙𝑜𝑔 [ ]
𝐶⸸
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(A1.8)

Table A1.4. The log K values of the uranium surface complexation species and their
estimated values in the 95% confidence interval of different robust models.
Model
Surface component
log K
95 % CI,
95 % CI,
lower
higher
+
(≡FeOH)2UO2
14.39
13.15
14.48
TPM(≡FeOH)2(UO2)2(OH)2
9.01
8.62
9.41
UC(≡FeOH)2UO2CO321.58
21.41
21.75
BBDM
0.5+
(≡FeO)CO2UO2
16.34
15.42
17.26
+
(≡FeOH)2UO2
14.46
14.37
14.55
TPMUC(≡FeOH)2UO2CO321.58
21.40
21.75
0.5+
BBM
(≡FeO)CO2UO2
16.47
15.61
17.33
+
(≡FeOH)2UO2
14.37
14.27
14.48
TPM(≡FeOH)2(UO2)2(OH)2
9.049
8.66
9.44
U(≡FeOH)2UO2CO319.96
19.76
20.15
BBDM
0.5+
(≡FeO)CO2UO2
17.46
16.98
17.94
+
(≡FeOH)2UO2
14.45
14.35
14.55
TPMU(≡FeOH)2UO2CO3
19.97
19.76
20.17
BBM
(≡FeO)CO2UO20.5+
17.48
16.97
18.00
(≡FeO)2UO2
-3.14
-3.28
-3.00
DLMUC(≡FeOH)2UO2CO3
18.24
18.06
18.42
BBM
(≡FeOH)UO2CO3
1.26
-1.74E+11
1.74E+11
DLM(≡FeOOH)UO2
-3.82
-3.96
-3.69
UC(≡FeOH)UO2CO3
17.47
17.27
17.67
MM
DLM(≡FeO)2UO2
-3.03
-3.16
-2.90
UC(≡FeOH)UO2CO3
17.26
17.08
17.44
BM
DLM(≡FeO)2UO2
-3.14
-3.28
-3.01
UC(≡FeOH)2UO2CO3
18.24
18.07
18.42
BB
(≡FeO)2UO2
-2.97
-3.07
-2.86
DLMU(≡FeOH)2UO2CO3
16.44
15.86
17.02
BBM
(≡FeOH)UO2CO3
9.26
-4.39E+06
4.39E+06
DLM(≡FeOOH)UO2
-3.72
-3.84
-3.60
U-MM
(≡FeOH)UO2CO3
16.65
16.42
16.88
DLM(≡FeO)2UO2
-2.93
-3.03
-2.82
U-BM
(≡FeOH)UO2CO3
16.00
15.58
16.42
DLM(≡FeO)2UO2
-2.97
-3.08
-2.86
U-BB
(≡FeOH)2UO2CO3
16.45
16.11
16.80
Note: TPM = triple plane model and DLM = double layer model.
UC = both carbonate and uranium surface complexation are considered in the model
U = only uranium surface complexation is considered
B = bidentate, M = monodentate and D = dimer.
For example, TPM-UC-BBDM means this is a triple plane model where adsorption of both
carbonate and uranyl onto goethite are considered with two bidentate, one monodentate and
one dimer uranyl surface complexation species.
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Sources of variation in adsorption predictions for different SCMs reviewed
The reviewed models differ from each other in various aspects. These include (1)
the set of aqueous complexation reactions and choice of corresponding equilibrium
constants (which would control uranyl ion (UO22+) concentration at a fixed pH), (2) the set
of surface complexation reactions and corresponding equilibrium constants for which the
model was optimized, (3) the site density of the goethite, and (4) the type of electrostatic
model. In the absence of dissolved inorganic carbon (DIC), the molar concentration of
U(VI) adsorbed for any model can be expressed as a function of pH, the UO22+
concentration, the molar concentration of ≡FeOH, and the equilibrium constants of surface
complexation reactions. In systems containing DIC, the molar concentration of adsorbed
U(VI) will also be a function of CO32- concentration.
Derivation of a generic expression for molar concentration of adsorbed uranium
species
In order to derive a generic expression of adsorbed U(VI) concentration, we have to
consider two different types of surface complexes: (i) goethite-U(VI) binary surface
complexes (GU) and (ii) goethite-U(VI)-carbonate ternary surface complexes (GUC). The
generic GU surface complexation and GUC surface complexation reactions are shown in
equations A1.9 and A1.10 respectively.
𝑈𝑂22+ + ≡ 𝐹𝑒𝑂𝐻 + 𝑎𝐻 + ↔ ≡ 𝐹𝑒𝑂𝐻𝑎+1 𝑈𝑂2 2+𝑎
𝑈𝑂22+ +≡ 𝐹𝑒𝑂𝐻 + 𝑏𝐻 + + 𝑐𝐶𝑂32− ↔ ≡ 𝐹𝑒𝑂𝐻𝑏+1 𝑈𝑂2 (𝐶𝑂3)𝑐

(A1.9)
2+𝑏−2𝑐

(A1.10)

The equilibrium reaction constants for A1.7 and A1.8 can be expressed as equations A1.11
and A1.12 respectively.
𝐾𝐺𝑈,𝑖

{≡ 𝐹𝑒𝑂𝐻𝑎+1 𝑈𝑂2 2+𝑎 }
∆𝑧𝐹𝛹
=
exp [
]
2+
+
𝑎
{𝑈𝑂2 }{≡ 𝐹𝑒𝑂𝐻}{𝐻 }
𝑅𝑇
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(A1.11)

𝐾𝐺𝑈𝐶,𝑖

{≡ 𝐹𝑒𝑂𝐻𝑏+1 𝑈𝑂2 𝐶𝑂3 2+𝑏−2𝑐 }
∆𝑧𝐹𝛹
=
exp [
]
2+
2−
+
𝑏
𝑐
{𝑈𝑂2 }{≡ 𝐹𝑒𝑂𝐻}{𝐻 } {𝐶𝑂3 }
𝑅𝑇

(A1.12)

Here, ∆z, F, Ψ and R are the net charge on the surface complex, Faraday’s constant, surface
potential and the universal gas constant respectively. The values of a, b and c can be zero or
a positive integer.
As we are interested in determining the effects of individual factors (i.e. [UO22+], [≡FeOH],
DIC and equilibrium constants of surface complexation reactions) on variations in
adsorption predictions, equations A1.11 and A1.12 can be simplified and rearranged to get
expressions of concentration of the GU and the GUC surface species in equations A1.13
and A1.14 respectively.
[≡ 𝐹𝑒𝑂𝐻𝑎+1 𝑈𝑂2 2+𝑎 ]
= 𝛾𝑈𝑂22+ 𝛾≡𝐹𝑒𝑂𝐻 [𝐾𝐺𝑈,𝑖 × {𝐻 + }𝑎 × exp [−

(2 + 𝑎)𝐹𝛹
]]
𝑅𝑇

(A1.13)

× [𝑈𝑂22+ ] × [≡ 𝐹𝑒𝑂𝐻]
[≡ 𝐹𝑒𝑂𝐻𝑏+1 𝑈𝑂2 𝐶𝑂3 2+𝑏−2𝑐 ] = 𝛾𝑈𝑂22+ 𝛾≡𝐹𝑒𝑂𝐻 [𝐾𝐺𝑈𝐶,𝑖 ×
{𝐻 + }𝑏 {𝐶𝑂32− }𝑐 ] exp [−

(2+𝑏−2𝑐)𝐹𝛹
𝑅𝑇

] × [𝑈𝑂22+ ] × [≡ 𝐹𝑒𝑂𝐻]

(A1.14)

Here, 𝛾𝑈𝑂22+ and 𝛾≡𝐹𝑒𝑂𝐻 are the activity coefficients for UO22+ and ≡FeOH respectively.
Based on Henry’s Law and Raoult’s Law approximations,193 the activity coefficient of the
sorbed species can be assumed to be unity as mole fraction of the sorbed species is less
than 0.1 and the sorbent concentration is between 10-5 and 10-3 M.
Total molar concentration of all possible adsorbed U(VI) species can be expressed as
equation A1.15.
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𝑛

[𝑈(𝑉𝐼)]𝑎𝑑𝑠 = 𝛾𝑈𝑂22+ 𝛾≡𝐹𝑒𝑂𝐻 [[∑ [𝐾𝐺𝑈,𝑖 × {𝐻 + }𝑎 × exp [−
𝑖=1
𝑛

+ [∑[𝐾𝐺𝑈𝐶,𝑖 × {𝐻 + }𝑏 {𝐶𝑂32− }𝑐 ] exp [−
𝑖=1

(2 + 𝑎)𝐹𝛹
]]]
𝑅𝑇

(2 + 𝑏 − 2𝑐)𝐹𝛹
]]]
𝑅𝑇

× [𝑈𝑂22+ ] × [≡ 𝐹𝑒𝑂𝐻]

(A1.15)

Molar concentrations of UO22+ and ≡ FeOH for each model were estimated for a
pH range of 2 to 12 for two different input conditions (IC1 and IC2). Both input conditions
have a sorbent loading of 1 g/L, total U(VI) loading of 1 µM, and a specific surface area of
40 m2/g. The only difference between them was that IC1 has no DIC and IC2 is in
equilibrium with atmospheric CO2(g). [𝑈𝑂22+ ] and [≡ 𝐹𝑒𝑂𝐻] were plotted against pH for all
six models for both IC1 (no DIC) and IC2 (open to atmosphere) conditions (Figures A1.1
and A1.2).

Inter-comparison of adsorption predictions of reviewed SCMs
The main driver of variation in the prediction trends from model to model was the
choice of surface complexation reactions and values of their equilibrium constants, and the
updates of the aqueous thermodynamic database of U(VI) since the original models were
published do not appear to significantly affect the overall adsorption predictions. No
substantial change was observed in the molar concentration of free UO22+ due to variation
in the sets of aqueous reactions for most models (Figure A1.1). Only exceptions were
HL85 and SPH08. For HL85 the predicted [UO22+] values are significantly higher in high
pH region (pH>8).Whereas, for SPH08 the predicted [UO22+] is slightly lower than that for
the other 5 models in high pH region (pH>8) only under open to atmosphere condition. The
molar concentration of ≡FeOH for HL85 and VTL01 were significantly higher than those
of other models due to the assumption of high site density in those two cases. For VTL01,
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under open-to-atmosphere condition, [≡FeOH] decreases with increasing pH (in the basic
pH region) due to strong carbonate surface complexation. Similar trend of decrease in in
[≡FeOH] with increase in pH under open to atmosphere condition was observed for SPH08
model as it also incorporates carbonate surface complexation. However, the absolute
[≡FeOH] was much lower as compared to VTL01 due to comparatively lower value of site
density assumed in SPH08 model. The [≡FeOH] values for other four models were found
to be comparatively high in the middle pH range (highest at around pH 8), and their values
decrease as we move on either side of the pH axis (Figure S2). The non-electrostatic model
used in ZB99 made this change in molar concentration of ≡FeOH much sharper than in the
other models. The higher site density used in JHLCH99 than in the other studies resulted in
a higher molar concentration of ≡FeOH than other models.

Figure A1.1. Concentration of UO22+ for an initial dose of 1 µM U(VI) and (a) no DIC or
(b) open to atmosphere.
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Figure A1.2. Molar concentration of ≡FeOH for SSA 40 m2/g, total goethite 1 g/L and (a)
no DIC of (b) open to the atmosphere.

Variation in adsorption prediction trends between different reviewed models
The major differences in the reviewed models leading to the variation in their
adsorption prediction trends are summarized in the following paragraphs.
a. U(VI) adsorption in absence of DIC
For pH range 2 to 4, ZB99 and HL85 have much higher predictions than other five
models. This is because ZB99 includes a GU complex (≡ FeUO2 OH 2+ ) whose activity is
independent of {H+}, leading to highest adsorption prediction in this low pH range. All
other models have only GU complex(es) with activities that are inversely proportional to
{H+}, which leads to low adsorption prediction at low pH. In case of HL85, presence of a
surface complex whose concentration is proportional to [UO22+]3 is reason for high HL85
predictions in this pH range. In pH range 4 to 6, DA96 and MGM03, due to their high
≡FeOH concentration, have higher adsorption predictions than ZB99 predictions in most
cases. JHLCH99 predictions are lowest for the pH range of 2 to 6 which can be attributed
to the much smaller (almost 3 units) value of the log K of the relevant GU complex (≡
FeOUO2 OH) in JHLCH99 as compared to the log K of the same surface complex in other
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DLMs and ZB99. Although, log K of ≡ FeOUO2 OH for HL85 is even smaller than that of
JHLCH99, its adsorption predictions are in the same range as of ZB99 because of its
highest predicted [≡FeOH] and presence of other surface complexes which are strong
functions of {H+} and [UO22+]. SPH08_C predictions for pH 2 to 4 are close to those of
MGM03 for most input conditions. However, for conditions with high U(VI)-sorbent ratio
(3b and 6a), SPH08_C predictions are the lowest. This can be ascribed to log K correction
applied to the bidentate surface complex (which unlike the monodentate complexes, is a
function of total sorbent loading). Adsorption predictions of VTL01 are one of the highest
for most input conditions- possibly because of predicted high [≡FeOH]. However, for a
high sorbent loading (as for condition 3b), predictions of VTL01 are among the lowest,
again because of bidentate nature of the relevant surface complex. Adsorption predictions
for each of the seven models are almost 100% in the pH range 6 to 8 for most input
conditions, except for SPH08_C predictions for high U(VI)-sorbent case of 6a. For pH
above 8, DA96 and HL85 predictions are found to be among the highest for all input
conditions. Adsorption predictions of MGM03, SPH08_C and VTL01 are in the same
range and lower than those of DA96 and HL85 for most conditions. ZB99 predictions are
lower than the MGM03 predictions in the basic pH region (pH>8), because of the low
predictions of molar concentration of ≡FeOH for ZB99 as compared to the ≡FeOH
predictions for MGM03. JHLCH99 predictions remain the lowest among the four models
for the pH range of 8 to 11, because of the low log K value of the GU complex.
b. U(VI) adsorption in presence of DIC
(i)

Open systems
Total DIC loading has no effect on the adsorption prediction trends for the acidic

pH range (pH 2 to 6) as CO32- concentration at low pH is not significant enough to cause
any change in surface complex speciation for most cases. However, SPH08_C showed a
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general trend of higher U(VI) adsorption predictions with increase in DIC even at pH<4.
This can be attributed to the presence of two U(VI)-carbonate ternary complexes in
SPH08_C model with very high logK values. Similarly, HL85 also predicts very high
adsorption for much high logP(CO2) loadings, due to presence of uranyl-carbonate surface
complexes with 2nd order and 3rd order carbonate complexation as well as a very high
predicted [≡FeOH]. In the near neutral pH range of 6 to 8 and in the basic pH region
(pH>8) GUC complexes can become significant and hence, they might control the surface
complex speciation for other models as well. For pH range 6 to 8, almost 100% adsorption
is predicted for open to atmosphere conditions. Whereas, for those input conditions where a
higher DIC loading (with logPCO2(g) > -3.4) was employed, adsorption edge envelopes were
shifted towards lower pH. This shift was farther on the pH axis for a higher loading of the
total DIC because of the significant decrease in the molar concentration of UO22+ with
increase in the total DIC. Adsorption predictions of HL85 remain the highest for most input
conditions as in low pH range. For input conditions with very high U(VI) loadings,
predictions of HL85 were much lower than their predictions for other input conditions, but
still higher than those of other models. Another noticeable trend in adsorption predictions
was that JHLCH99 predictions were found to be the lowest among the six models below a
certain threshold pH (the explanations for which are analogous to those for the no DIC
case). However, above the threshold pH, predictions for JHLCH99 were only second to
those of HL85 (Figure 2). This is because JHLCH99 accounts for a GUC complex where
one UO22+ and one goethite group are complexed with three CO32- groups (Table 1). The
activity of such a GUC complex will be a stronger function of CO32- activity than those of
other GUC complexes which comprise of lesser number of carbonate groups. Hence,
JHLCH99 predictions were second highest among all models above the threshold pH
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(Figure S4). However, adsorption predictions for JHLCH99 were lowest among all six
models below the threshold pH as CO32- is not dominant below that pH.
(ii)

Closed systems
Apart from HL85, all other models were developed using input conditions with DIC

in open system. The predictions for low pH (< 6) are in line with the predictions observed
for the no DIC or DIC with open systems conditions. For pH > 6 trends of adsorption
predictions vary between the two carbonate conditions. For low carbonate loading (i.e. 1
mM), for pH range 6-8, models SPH08_C, DA96, VTL01 and ZB99 predict >95%
adsorption which also match closely with observed adsorption extents. However, HL85,
JHLCH99 and MGM03 predictions were lower than the other three models. It is to be
noted that Hsi and Langmuir could not fit their own data in their original study, and they
had arrived at a different set of values of log K for the uranyl-carbonate surface complexes
to be able to fit these datapoints. For high carbonate loading (i.e. 10 mM), HL85 could
predict the adsorption trends up to a satisfactory extent. SPH08_C slightly underpredicted
the adsorption. All other models either overpredict or underpredict the extents of adsorption
with a very large margin of error.
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Table A1.5. Root mean square of errors (RMSE) between observed and predicted values of percentage U(VI) adsorbed for each dataset
for all nine reviewed models.
Number
Source of
Dataset
MGM03
DA96
JHLCH99
ZB99
VTL01
HL85
SPH08_A
SPH08_B
SPH08_C
of data
datasets
Number
points
Missana et
al., 2003
Duff and
Amrhein,
1996

Jung et al.,
1999

Villalobos
et al., 2001
Hsi
and
Langmuir,
1985

Sherman
et al., 2008

Overall RMSE

1a
1b
2a
2b
2c
3a
3b
3c
3d
4a
4b
4c
5a
5b
5c
6a
6b
6c
6d
6e
6f

19
8
4
4
4
8
10
10
10
13
7
5
18
27
18
13
15
15
16
15
19

4.25
1.95
30.9
36.82
18.55
18.41
12.79
13.59
16.22
21.71
27.31
30.23
8.85
5.97
45.16
22.98
12.3
13.92
9.37
12.96
23.5
19.83

5.53
2.72
18.41
29.7
2.59
24.27
12.35
25.85
10.22
17.73
23.88
41.39
10.17
13.02
27
25.64
14.97
5.16
25.29
8.52
13.95
17.95

24.18
12.97
22.29
14.47
57.67
4.8
7.66
28.72
11.96
44.23
42.92
41.39
33.5
42.03
58.44
32.99
37.32
42.94
34.63
31.52
39.54
36.36

12.49
2.73
9.49
19.17
24.23
11.47
21.94
22.04
10.34
23.21
28.34
50.59
13.29
11.42
39.21
15.92
12.4
24.93
18.5
18.29
28.22
21.11
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5.78
13.17
13.63
36.12
67.89
22.91
2.46
16.96
7.36
16
11.88
9.26
6.95
5.08
31.09
34.62
25.16
18.57
26.41
21.95
19.91
20.90

10.66
3.25
67.06
55.55
49.88
29.23
25.85
12.74
17.65
18.96
41.57
49.05
5.88
17.45
14.61
26.7
2.16
25.46
17.34
27.92
52.91
27.21

8.39
2.37
20.21
28.55
1.21
8.57
14.66
9.89
10.30
36.55
31.92
25.59
23.92
17.42
37.69
16.56
8.72
23.94
13.58
19.35
19.49
20.83

8.21
2.54
4.58
15.72
7.36
10.97
22.30
13.31
21.90
36.59
22.40
33.61
24.77
17.42
32.19
27.81
9.40
23.98
8.89
8.99
9.19
20.05

3.19
10.67
6.88
4.07
10.34
12.52
10.21
15.82
23.10
23.31
16.47
30.79
10.00
6.23
25.43
18.70
3.31
11.04
7.10
6.03
4.31
13.69

Figure A1.3. Adsorption edges generated by TPM-UC-BBM, TPM-U-BBDM, DLM-UC-BBM, DLMUC-BM, DLM-U-BM, DLM-UC-BB, DLM-U-BB and DLM-U-MM for datasets used to develop this
model (1) U(VI) 0.44 µM, SSA 35 m2/g, no DIC and total goethite (a) 2 g/L (b) 0.16 g/L; (2) U(VI) 8.4
µM, SSA 58.6 m2/g, total goethite 8 g/L and DIC (a) 10-2.66 atm (b) 10-1.3 atm (c) 10-0.04 atm; (3) U(VI)
100 µM, SSA 52 m2/g, (a) no DIC and total goethite 1.2 g/L, (b) no DIC and total goethite 12 g/L, (c)
DIC 10-3.4 and total goethite 1.2 g/L, (d) DIC 10-3.4 and total goethite 12 g/L; (4) U(VI) 1 µM, SSA 45
m2/g, total goethite 1 g/L and DIC (a) no DIC (b) 10-3.49 atm (c) 10-1.69 atm; (5) U(VI) 10 µM, SSA 45
m2/g, total goethite 1 g/L and DIC (a) no DIC (b) 1mM (c) 10mM. (6) SSA 45 m 2/g, total goethite 0.09
g/L (a) no DIC and U(VI) 10 µM (b) no DIC and U(VI) 1 µM (c) no DIC and U(VI) 0.1 µM (d) 10 -3.5
atm CO2 and U(VI) 10 µM (e) 10-3.5 atm CO2 and U(VI) 1 µM (f) 10-3.5 atm CO2 and U(VI) 0.1 µM. The
adsorption edges generated by best (TPM-UC-BBDM and DLM-U-BBM) and worst (TPM-U-BBM and
DLM-UC-MM) robust models for each dataset are shown in Figure 4.
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Figure A1.4. Root mean square of errors (RMSE) between observed and predicted values of percentage U(VI) adsorbed for each
dataset for best-fit models using the framework of all 12 robust models to optimize the equilibrium constants of surface complex
species for each data set. Red color indicates smaller RMSE, and green color indicates larger RMSE for a given dataset.
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Figure A1.5. Adsorption predictions of the best-fit triple plane model (TPM-UC-BBDM) and
double layer model (DLM-U-BBM) for the validation dataset (1 µM total U(VI) loading on a
5g/L goethite (Specific surface area 16.2 m2/g) sorbent suspension under open to atmosphere
condition and ionic strength of 0.01 M NaNO3.

Figure A1.6. U(VI) adsorption edge prediction of the robust models under various total U(VI)
loading conditions (varying between 0.1 µM to 1 mM) in both (a) no DIC and (b) open systems.
Red color represents high adsorption percentage of total U(VI), while green color represents low
adsorption percentage of total U(VI).
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Figure A1.7. Comparison of the U(VI) adsorption edge prediction of the robust model under
various total U(VI) loading conditions (varying between 0.1 µM to 1 mM) in (a) no DIC and (b)
open systems with the benchmark model DLM-U-BBM. Blue represents underestimation and
red represents overestimation.
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Figure A1.8. Adsorption edges and percent of U(VI) species adsorbed generated by (A) TPMUC-BBDM, (B) TPM-U-BBDM, (C) TPM-UC-BBM, (D) TPM-U-BBM, (E) DLM-UC-BBM,
(F) DLM-U-BBM, (G) DLM-UC-BB, (H) DLM-U-BB, (I) DLM-UC-BM, (J) DLM-U-BM, (K)
DLM-UC-MM, (L) DLM-U-MM while total U(VI) concentration is 10μM in no DIC condition.
Goethite solid concentration and specific surface area used in the models are 1 g/L and 45 m2/g
respectively.
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Figure A1.9. Adsorption edges and percent of U(VI) species adsorbed generated by (A) TPMUC-BBDM, (B) TPM-U-BBDM, (C) TPM-UC-BBM, (D) TPM-U-BBM, (E) DLM-UC-BBM,
(F) DLM-U-BBM, (G) DLM-UC-BB, (H) DLM-U-BB, (I) DLM-UC-BM, (J) DLM-U-BM, (K)
DLM-UC-MM, (L) DLM-U-MM while total U(VI) concentration is 10μM in open system
condition (CO2 partial pressure: 10-1.3 atm). Goethite solid concentration and specific surface
area used in the models are 1 g/L and 45 m2/g respectively.
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Figure A1.10. Root mean square of errors (RMSE) between observed and predicted values of
percentage U(VI) adsorbed for best-fit robust double layer models with site density as a fitting
parameter.

Figure A1.11. Comparison of the U(VI) adsorption edge prediction of the robust model under
various total U(VI) loading conditions (varying between 0.1 µM to 1 mM) in open systems (CO2
partial pressure 10-3.5atm) between the models that considered carbonate adsorption (UC) and
the models that ignored it (U). The UC model is the benchmark model in each comparison. Blue
represents underestimation and red represents overestimation.
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Appendix 2: Robust surface complexation modeling of
U(VI) adsorption onto goethite by considering variability of
sorbent site density
Motivation
The site density of goethite is found to vary with change in goethite specific surface
area. A study conducted by Villalobos et al., 2003195 on goethite minerals having three
different specific surface area (45 m2/g, 70 m2/g and 94 m2/g) showed different extents of
carbonate adsorption per unit surface area basis. This was explained by occurrence of different
site densities for goethite formations of different specific surface area. The optimum site
density was found to be decreasing with increase in specific surface area. Although,
development of robust models for U(VI)-goethite system have been as described in Chapter 2
of this thesis work in detail, variability of the goethite site density with specific surface area
has not been considered there. In this appendix we developed a robust surface complexation
model for U(VI)-goethite system by considering a site density of goethite sorbent as per
recommendations of Villalobos et al., 2003.195
Method
Two robust surface complexation models were developed for U(VI) adsorption onto
goethite by assuming all U(VI)-goethite reactions to be either monodentate or bidentate in
nature. The Composite Masterdataset (Supporting File SF2) formed by compiling all twentyone datasets sourced from six different SCM studies was employed for development of the
robust models. Carbonate adsorption onto goethite was accounted for by including carbonate-
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goethite surface reactions which were pre optimized. Details of the modeling work is given in
following paragraphs.
Modeling of Carbonate adsorption onto goethite
Selection of datasets
Datasets from open systems used by Villalobos and Leckie101 in their carbonategoethite modeling work were considered for developing our model. There are 76 different
datapoints for two different ionic strength and three different dissolved inorganic carbon
conditions defined by the partial pressure of CO2(g) in the system.
Table A2.1. Datasets for carbonate-goethite surface complexation modeling
Dataset
ID

+

-

[Na ]
(M)

[Cl ]
(M)

C1a
C1b
C1c
C1d
C1e
C1f

0.01
0.1
0.01
0.1
0.01
0.1

0
0
0.01
0.1
0.01
0.1

[NO3 ]
(M)

Log
(PCO2)
(log atm)

Ionic
Strength
(M)

Specific
Surface
Area
(m2/g)

Goethite
loading
(g/L)

0.01
0.1
0
0
0
0

-3.49
-3.49
-3.63
-3.63
-2.26
-2.26

0.01
0.1
0.01
0.1
0.01
0.1

70
70
70
70
70
70

9.4
9.4
10
10
14.7
14.7

-

[≡FeOH]Tot
(mM)

#

2.513
2.513
2.673
2.673
3.929
3.929

Note: PCO2 Partial pressure of CO2(g) in the system, #Molar concentration of goethite based on a
site density of 2.3 sites/nm2. (Villalobos and Leckie, 2000101)

Selection of site density and denticity
The FTIR study done by Villalobos and Leckie96 did not clarify whether the surface
complex is monodentate or bidentate. The carbonate-goethite adsorption experiments had been
conducted for a goethite sorbent with a specific surface area (SSA) of 70 m2/g. A site density
of 2.3 sites/nm2 is a reasonable assumption for goethite. Therefore, monodentate complexation
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for a site density of 2.3 sites/nm2 was assumed for developing the DLM for carbonate-goethite
system.
Surface reactions
Surface reactions for the carbonate-goethite system (Table 2) were optimized using the
datasets listed in Table 1. Chemical equilibrium calculations were done using MINEQL+, and
the spreadsheet-based tool MINFIT was used for optimization of the model. The objective
quantity for optimization is given in equation A2.1.
(A2.1)

Residual Sum of Squares = ∑(𝑙𝑜𝑔10 𝐶𝑚𝑜𝑑𝑒𝑙 − 𝑙𝑜𝑔10 𝐶𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 )2
Cmodel = Concentration of adsorbed carbonate in moles/L generated by model and
Cobserved = Measured value of adsorbed carbonate concentration in moles/L.

The residual sum of squares for best-fit carbonate-goethite surface complexation model (Table
A2.2) was 4.32.

Table A2.2. Carbonate-goethite surface complexation reactions optimized in this study
Reactions

logK

≡ 𝐹𝑒𝑂𝐻 ↔≡ 𝐹𝑒𝑂− + 𝐻 +

-10.9

Source study
Villalobos and Leckie,
2000

+

≡ 𝐹𝑒𝑂𝐻 + 𝐻 ↔≡ 𝐹𝑒𝑂𝐻2

Villalobos and Leckie,

+

6.9
2000

≡ 𝐹𝑒𝑂𝐻 + 𝐶𝑂32− + 𝐻 + ↔
13.02

This study

18.86

This study

≡ 𝐹𝑒𝑂𝐶𝑂𝑂− + 𝐻2 𝑂
≡ 𝐹𝑒𝑂𝐻 + 𝐶𝑂32− + 2𝐻 + ↔
≡ 𝐹𝑒𝑂𝐶𝑂𝑂𝐻 + 𝐻2 𝑂
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Figure A2.1. Carbonate adsorption predictions of the carbonate-goethite surface
complexation model developed in this study for different datasets sourced from Villalobos
and Leckie, 2000 study.101

Discussion
The model developed for a site density of 2.3 sites/nm2 performed well for most input
conditions that have been used for developing the model. Villalobos, Trotz and Leckie in their
2003 study195 demonstrated that the site density of goethite varies with specific surface area. A
site density of 2.3 sites/nm2 was a valid assumption for the goethite sorbent (SSA 70 m2/g)
used in the study which was referred for developing this DLM to interpret carbonate
adsorption onto goethite. However, the U(VI)-goethite experiments have been conducted with
goethite sorbents of SSA lower than 70 m2/g. The majority of these studies used goethite with
SSA equal to or close to 45 m2/g. Hence, a site density of 5.2 sites/nm2 (found for goethite of
SSA 45 m2/g as per Villalobos et al., 2003195) was assumed for U(VI)-goethite modeling.
The log K’s of the carbonate-goethite reactions based on a mole fraction basis are given as
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K1,mole fraction basis = Ns*As*K1,molarity basis = 2.3*70*1013.02 = 1015.227
K2,mole fraction basis = Ns*As*K2,molarity basis = 2.3*70*1018.86 = 1021.067

1

In order to develop a U(VI)-goethite model for systems with DIC, a correction factor of 5.2×𝑆𝑆𝐴
will be employed to obtain the correct log K’s of goethite-carbonate complexation reactions
for each goethite sorbent.
Uranyl adsorption onto goethite modeling
Selection of site density and denticity
As per the 2003 study of Villalobos et al.,195 a site density of 5.2 sites/nm2 was
selected. This site density value was reasonable for a goethite with SSA 45 m2/g. The majority
of datapoints are sourced from those experiments which used such a goethite sorbent. The SSA
of goethite used in other experiments were between 35 and 60 m2/g. Hence, a constant site
density value of 5.2 sites/nm2 for entire system was reasonable.
Development of robust models
The robust surface complexation models comprised of either monodentate or bidentate
U(VI)-goethite surface complexes were developed. The stoichiometries of the surface
reactions are based on the EXAFS findings of Sherman et al., 2008.50 The equilibrium
calculation was done in MINEQL and parameter optimization was done using MINFIT. The
performance of the bidentate model was found to be much better than the monodentate model
for the large range of datasets that were employed to develop these models. The optimum
overall root mean square of error (RMSEs) of the monodentate and the bidentate models are
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17.47 and 15.67 respectively. All the surface complexation reactions used in the two robust
models are listed in table A2.2. The model predictions for each of the twenty-one datasets for
the monodentate (Figures A2.2 and A2.3) and the bidentate (Figures A2.4 and A2.5) robust
models developed by this approach are also shown.
Table A2.2. Surface reactions for uranyl-carbonate-goethite complexation
Surface Reactions

log
K

Monodentat
e

Bidentat
e

≡ 𝐹𝑒𝑂𝐻 ↔≡ 𝐹𝑒𝑂− + 𝐻 +
-10.9
Yes
Yes
fixed
+
+
6.9
Yes
Yes
fixed
≡ 𝐹𝑒𝑂𝐻 + 𝐻 ↔≡ 𝐹𝑒𝑂𝐻2
2−
+
15.227
≡ 𝐹𝑒𝑂𝐻 + 𝐶𝑂3 + 𝐻 ↔
Yes
Yes
fixed
#
−
≡ 𝐹𝑒𝑂𝐶𝑂𝑂 + 𝐻2 𝑂
21.067
≡ 𝐹𝑒𝑂𝐻 + 𝐶𝑂3 2− + 2𝐻 + ↔
Yes
Yes
fixed
#
≡ 𝐹𝑒𝑂𝐶𝑂𝑂𝐻 + 𝐻2 𝑂
optimize
≡ 𝐹𝑒𝑂𝐻 + 𝑈𝑂22+ + 𝐻2 𝑂 ↔
-4.27
Yes
No
+
d
≡ 𝐹𝑒𝑂𝑈𝑂2 𝑂𝐻 + 2𝐻
2+
2 ≡ 𝐹𝑒𝑂𝐻 + 𝑈𝑂2
optimize
1.02*
No
Yes
↔ (≡ 𝐹𝑒𝑂)2 𝑈𝑂2
d
+ 2𝐻 +
optimize
≡ 𝐹𝑒𝑂𝐻 + 𝑈𝑂22+ + 𝐶𝑂32− ↔
16.78
Yes
No
d
≡ 𝐹𝑒𝑂𝑈𝑂2 𝐶𝑂3
2+
2−
2 ≡ 𝐹𝑒𝑂𝐻 + 𝑈𝑂2 + 𝐶𝑂3
optimize
22.55*
No
Yes
↔(
d
≡ 𝐹𝑒𝑂𝐻)2 𝑈𝑂2 𝐶𝑂3
*
logK on mole fraction basis; #logK corrected for site density and specific surface area.
Optimizations were done for 258 datapoints from multiple studies with or without carbonate;
RMSEmono = 17.47; RMSEbi = 15.67
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Figure A2.2. Adsorption edges generated by the robust model with monodentate complexation
for datasets with no DIC in system. Symbols are experimental data and lines are model fits. (1)
U(VI) 0.44 µM, SSA 35 m2/g, no DIC and total goethite (a) 2 g/L (b) 0.16 g/L; (3) U(VI) 100
µM, SSA 52 m2/g, (a) no DIC and total goethite 1.2 g/L, (b) no DIC and total goethite 12 g/L;
(4) U(VI) 1 µM, SSA 45 m2/g, total goethite 1 g/L and DIC (a) no DIC; (5) U(VI) 10 µM, SSA
45 m2/g, total goethite 1 g/L and DIC (a) no DIC and (6) SSA 45 m2/g, total goethite 0.09 g/L,
no DIC and U(VI) (a) 10 µM (b) 1 µM and (c) 0.1 µM.
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Figure A2.3. Adsorption edges generated by the robust model with monodentate complexation
for datasets with DIC in system. Symbols are experimental data and lines are model fits. (2)
U(VI) 8.4 µM, SSA 58.6 m2/g, total goethite 8 g/L and DIC (a) 10-2.66 atm (b) 10-1.3 atm (c) 100.04
atm; (3) U(VI) 100 µM, SSA 52 m2/g, DIC 10-3.4 and total goethite (c) 1.2 g/L (d) 12 g/L;
(4) U(VI) 1 µM, SSA 45 m2/g, total goethite 1 g/L and DIC (b) 10-3.49 atm (c) 10-1.69 atm; (5)
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U(VI) 10 µM, SSA 45 m2/g, total goethite 1 g/L and DIC (b) 1mM (c) 10mM; (6) SSA 45 m2/g,
total goethite 0.09 g/L 10-3.5 atm CO2 and U(VI) (a) 10 µM (e) 1 µM (f) 0.1 µM.

Figure A2.4. Adsorption edges generated by the robust model with bidentate complexation for
datasets with no DIC in system. Symbols are experimental data and lines are model fits. (1)
U(VI) 0.44 µM, SSA 35 m2/g, no DIC and total goethite (a) 2 g/L (b) 0.16 g/L; (3) U(VI) 100
µM, SSA 52 m2/g, (a) no DIC and total goethite 1.2 g/L, (b) no DIC and total goethite 12 g/L;
(4) U(VI) 1 µM, SSA 45 m2/g, total goethite 1 g/L and DIC (a) no DIC; (5) U(VI) 10 µM, SSA
45 m2/g, total goethite 1 g/L and DIC (a) no DIC and (6) SSA 45 m2/g, total goethite 0.09 g/L,
no DIC and U(VI) (a) 10 µM (b) 1 µM and (c) 0.1 µM.
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Figure A2.5. Adsorption edges generated by the robust model with bidentate complexation for
datasets with DIC in system. Symbols are experimental data and lines are model fits. (2) U(VI)
8.4 µM, SSA 58.6 m2/g, total goethite 8 g/L and DIC (a) 10-2.66 atm (b) 10-1.3 atm (c) 10-0.04 atm;
(3) U(VI) 100 µM, SSA 52 m2/g, DIC 10-3.4 and total goethite (c) 1.2 g/L (d) 12 g/L; (4) U(VI)
1 µM, SSA 45 m2/g, total goethite 1 g/L and DIC (b) 10-3.49 atm (c) 10-1.69 atm; (5) U(VI) 10
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µM, SSA 45 m2/g, total goethite 1 g/L and DIC (b) 1mM (c) 10mM; (6) SSA 45 m2/g, total
goethite 0.09 g/L 10-3.5 atm CO2 and U(VI) (a) 10 µM (e) 1 µM (f) 0.1 µM.
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Figure A3.1. Adsorption predictions of MZST95a120 with different constituent surface
species for different datasets with a low cation exchange contribution (<20% of the total
U(VI) adsorbed)
Datapoints are indicated as symbols (Source study indicated below the figure)
Details of input conditions corresponding to each dataset can be found in Table 3.1.
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Figure A3.2. Adsorption predictions of PTBP98x62, 120 with different constituent surface
species for different datasets with a low cation exchange contribution (<20% of the total
U(VI) adsorbed)
Datapoints are indicated as symbols (Source study indicated below the figure)
Details of input conditions corresponding to each dataset can be found in Table 3.1.
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Figure A3.3. Adsorption predictions of MBDSB1259 with different constituent surface
species for different datasets with a low cation exchange contribution (<20% of the total
U(VI) adsorbed)
Datapoints are indicated as symbols (Source study indicated below the figure)
Details of input conditions corresponding to each dataset can be found in Table 3.1.
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Figure A3.4. Adsorption predictions of MZST95a with different constituent surface species
for different datasets with a significant cation exchange contribution (>20% of the total
U(VI) adsorbed)
Datapoints are indicated as symbols (Source study indicated below the figure)
Details of input conditions corresponding to each dataset can be found in Table 3.1.
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Figure A3.5. Adsorption predictions of PTBP98x62, 120 with different constituent surface
species for different datasets with a significant cation exchange contribution (>20% of the
total U(VI) adsorbed)
Datapoints are indicated as symbols (Source study indicated below the figure)
Details of input conditions corresponding to each dataset can be found in Table 3.1.
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Figure A3.6. Adsorption predictions of MBDSB1259 with different constituent surface
species for different datasets with a significant cation exchange contribution (>20% of the
total U(VI) adsorbed)
Datapoints are indicated as symbols (Source study indicated below the figure)
Details of input conditions corresponding to each dataset can be found in Table 3.1.
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Table A3.1. Input conditions for the datasets with high uranium surface coverage.
Data
set
ID

Electrolyte

PCO2

6a

NaCl

-3.5

6b

NaCl

-3.5

6c

NaCl

-3.5

IS
(M)
0.00
1
0.01
0.02
5

Uin
(µM)

Solid
Conc.
(g·L1
)

100

1.66

100

1.66

100

1.66

Uin/solid
(µmol/g
)
60.24
60.24
60.24

Sorbent
Type

CEC
(molc
·kg1
)

SWy-2

0.9

SWy-2

0.9

SWy-2

0.9

Note: PCO2=partial pressure of CO2(g) in log (atm) unless otherwise stated, IS= ionic strength,
Uin=initial dose of uranium, Uin/solid=U(VI)-sorbent ratio and CEC= cation exchange capacity.
Source: Bachmaf and Merkel, 201156

Figure A3.7. Adsorption predictions of models MZST95a (McKinley et al., 1995)120
PTBP98x (Pabalan et al., 1998)62 MBDSB12 (Marques Fernandes et al., 2012)59 and the
Robust Model for different datasets sourced from Bachmaf and Merkel, 201156
Details of input conditions corresponding to each dataset can be found in Table 3.1.
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Appendix 4: UO2(s) synthesis and U(IV) adsorption onto
reduced montmorillonite
*

Advanced draft of supporting information for submission to Environmental Science &

Technology

Synthesis of UO2(s)
UO2(s) was synthesized by employing a three-step method.184 In the first step, uranyl
nitrate hexahydrate was heated under oxic conditions at 275 °C for 72 hours in a muffle furnace
to obtain a yellow UO3(s) solid. This step was vital in removal of nitrates in the form of oxides of
nitrogen from the solids. In step 2, freshly synthesized UO3 was dissolved in 0.5 M hydrochloric
acid to obtain UO2Cl2 aqueous solution. This UO2Cl2 solution was mixed with 30 mL of H2O2
and 3 L of deionized water in a batch reactor and continuously stirred for 72 hours to ensure
considerable mixing of reactants. Formation of a pale-yellow precipitate started after about 24
hours. Based on previous analysis of solids during this synthesis approach, the pale-yellow color
solid is expected to be a uranium peroxide which was later confirmed to be metastudtite
(UO4·2H2O) by X-ray diffraction analysis. At the end 72 hours from the start of reaction, stirring
was stopped and the precipitate settled at the bottom of the reactor. The supernatant was
discarded, and the metastudtite slurry was transferred to a dialysis membrane tube. The dialysis
tube was submerged in a fresh batch of deionized water (3L) stored in a HDPE bottle in such a
way so that the maximum surface area of the membrane tube is in contact with the water. The
water outside of the tube was continuously stirred. The conductivity (good indicator of high ionic
concentration) of the water was checked periodically and the external water was replaced with
fresh deionized water every 24 hours. At the end of 72 hours, the conductivity was <0.05 µS/cm
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and dialysis was stopped. Metastudtite was transferred to a conical tube for freeze-drying. In step
3, freshly dried metastudtite was placed in a gas reactor designed for reduction in the presence of
hydrogen. For complete reduction of metastudtite to UO2(s), a continuous supply of hydrogen is
required while maintaining a high temperature. The reactor temperature was controlled at 400 °C
by using a cartridge heater and temperature controller. A continuous supply of hydrogen
(approximately 0.4 L/min) was maintained by connecting one end of the reactor to a pressurized
hydrogen cylinder and allowing excess hydrogen to flow through the other end of the reactor. To
confirm flow of hydrogen through the reactor, the downstream end was connected to a tubing
which was dipped in a pool of water. Appearance of bubbles through the water indicated
continuous flow of hydrogen. After 4 hours of reaction, heating was stopped, and reactor was
allowed to cool while the hydrogen gas was allowed to flow to ensure anoxic conditions inside
the reactor. When the reactor had cooled down to room temperature, valves on either side of the
reactor main chamber were closed and hydrogen flow was stopped. The reactor was immediately
transferred to an anoxic chamber where freshly prepared UO2(s) was stored in an amber glass
bottle.

X-ray diffraction measurements were done on the intermediate pale-yellow color uranium
peroxide and the final UO2(s) samples. The uranium peroxide phase was found to be metastudtite
(Figure A4.1). The UO2(s) sample was protected from oxygen during measuring by an anerobic
dome, which produced a large background feature below 20° 2θ, a region lacking peaks from
UO2. The XRD analysis confirmed the final uranium phase to be UO2(s) (Figure A4.2).
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Figure A4.1. X-Ray diffraction (XRD) measurement confirming formation of metastudtite
(UO4·2H2O) as a precursor to step 3 of UO2(s) synthesis process. XRD spectra for
metastudtite standard was obtained from ICDD database (PDF card # 00-016-0207).

Figure A4.2. X-Ray diffraction measurement confirming UO2(s) phase. XRD spectra for
UO2(s) standard is obtained from ICDD database (PDF card # 00-041-1422).
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Figure A4.3. UV-Vis spectra for U(VI) and U(IV) standard stocks confirming the uranium
oxidation states

Table A4.1. Aqueous complexation reactions for U(IV)
Reactions

logK*

𝑈 4+ + 𝐻2 𝑂 ↔ 𝑈𝑂𝐻 3+ + 𝐻 +

-0.54

𝑈 4+ + 2𝐻2 𝑂 ↔ 𝑈(𝑂𝐻)2 2+ + 2𝐻 +

-1.1

𝑈 4+ + 3𝐻2 𝑂 ↔ 𝑈(𝑂𝐻)3 + + 3𝐻 +

-4.7

𝑈 4+ + 4𝐻2 𝑂 ↔ 𝑈(𝑂𝐻)4(𝑎𝑞) + 4𝐻 +

-10.0

𝑈 4+ + 4𝐶𝑂32− ↔ 𝑈(𝐶𝑂3 )4−
4

35.12

𝑈 4+ + 5𝐶𝑂32− ↔ 𝑈(𝐶𝑂3 )6−
5

34.00

𝑈 4+ + 𝐶𝑙 − ↔ 𝑈𝐶𝑙 3+

1.72

0.06
𝑈 4+ + 2𝐶𝑙 − ↔ 𝑈𝐶𝑙2 2+
Note: *The logK values are sourced from Guillaumont et al., 2003.3
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Figure A4.4. Non-electrostatic surface complexation model development approach

Figure A4.5. Linear combination fitting of U(IV) bearing reduced montmorillonite samples
U(VI) standards: XAS spectrum of corresponding U(VI) adsorbed onto montmorillonite sample
U(IV) standard: XAS spectrum of UO2(s) standard
Note: rM=reduced montmorillonite, L=10 mM & H=100 mM sodium concentration.
Solid lines show the measured spectra and dashed lines show the fittings.
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Table A4.2. Percentage of U(IV) and U(VI) in the samples prepared by immobilizing U(IV)
onto reduced montmorillonite under various pH and sodium concentration.
Sample ID
U(IV)-rM_pH3_L
U(IV)-rM_pH6_L
U(IV)-rM_pH6_H

U(IV)
(%)
100±4
95.8±0.9
59±2

U(VI)
(%)
0±4
4±1
41±2

Component sum

R-factor

0.988
0.994
1.016

0.0061304
0.0010143
0.0018419

Note: rM=reduced montmorillonite, L=10 mM & H=100 mM sodium concentration.
Results are generated from linear combination fitting of the X-ray absorption spectra using
ATHENA.
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Appendix 5: Supporting information for Chapter 5
UO2(s) surface cleaning protocol
UO2(s) is highly sensitive to oxygen and leads to oxidation of the uranium on the
mineral surface in the presence of even trace amounts of oxygen in the atmosphere in which it
is stored. We stored UO2(s) in a dry state in a sealed container inside the anoxic chamber.
Regular monitoring of the oxygen level inside the anoxic chamber was done to ensure < 1
ppmv O2(g) inside the chamber. However, sporadic rises in oxygen level did take place on
several occasion (going up to 200 ppm), and these were brought down to the desired < 1ppmv
level within hours.
Oxidation of U(IV) on the surface of UO2(s) can take place due to trace amount of dissolved
oxygen that could be present in the deionized water.179 Water itself can even oxidize U(IV) to
U(VI) on the UO2(s) surface up to a small extent.179 This was observed by occurrence of
elevated dissolved uranium concentration in UO2(s) suspension, which cannot be explained by
the solubility of pure UO2(s). Hence, any batch of UO2(s) was cleaned freshly before its use in
experiments to remove any U(VI) present on the surface. The cleaning protocol for the UO2(s)
surface was done as follows:
1. A small quantity of UO2(s) (typically ~1 g) was placed in a high speed centrifuge tube
(Nalgene Oak Ridge High-speed PPCO Centrifuge Tube, Thermo Scientific Catalogue
number: 05-529-1D).
2. The centrifuge tube was filled with anoxic deionized water up to 35 mL volume.
3. A pre-determined amount of sodium bicarbonate (kept overnight under vacuum in
antechamber) was added to the UO2(s) suspension in the centrifuge tube to ensure a
dissolved inorganic carbon concentration of 1 M.
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4. The tube was capped with a special airtight cap (Nalgene sealing cap for Oak Ridge
Centrifuge Tube, Thermo Scientific Catalogue number: 05-563-2C).
5. The UO2(s) suspension was mixed on an end-over-end rotator overnight to ensure
complete extraction of surface bound U(VI)/U(V) into the aqueous phase.
6. After overnight extraction, the UO2(s) particles were rinsed 3-5 times with anoxic
deionized water to ensure complete removal of dissolved uranium from the suspension.
Ultracentrifugation for 20 minutes at RCF 30000 g was employed for phase separation
for each cleaning cycle. An airtight Nalgene cap ensured no contact of the UO2(s)
suspension with atmospheric oxygen during ultracentrifugation outside the anoxic
chamber.
7. A visible indication of the cleaning of UO2(s) particles was given by a change in color of
the suspension from dark brown to lighter brown upon rinsing.
8. Freshly cleaned UO2(s) suspension was stored in a Nalgene Oak Ridge Tube with an
airtight cap and used within 48 hours.

Sample collection protocol
Samples from sealed serum bottles were collected by using a needle with a syringe. Steps
followed for sample collection are given below.
1. Reactor bottle was moved inside the anoxic chamber for sampling.
2. A gauge 25 needle (BD Precisionglide make and 1.5 in. long) was attached to a 20 mL
capacity syringe.
3. Reactor bottle was held inverted, and needle was inserted through the butyl rubber
stopper.
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4. Sample volume of 6.5 mL of the UO2(s) suspension was collected while shaking the
reactor bottle manually.
5. 6.5 mL of anoxic chamber gas mix was inserted back in the bottle to ensure that there is
no negative pressure gradient as compared to the ambient pressure.
Filtration protocol
1. A 0.02 µm pore size MCE filter membrane was used for separation of the aqueous phase
from the UO2(s).
2. Filtration was performed within a minute after sample extraction to avoid loss of
background bicarbonate. A sample volume of ~2 mL was passed through the filter
membrane and discarded to avoid any interference on uranium concentration from the
filter material.
3. After discarding ~2 mL of sample, ~0.5 mL of sample volume was collected for analysis.
Filter assembly cleaning protocol
MCE filter membranes were confined in reusable filter holders (Millipore Sigma,
Swinex, 25 mm diameter, polypropylene). The body of the filter holder is comprised of three
different parts made of polypropylene and each filter assembly has a rubber gasket to seal the
filter assembly to avoid any leakage during filtration. As filter assembly parts were reused, a
proper cleaning protocol was developed and followed to ensure negligible crosscontamination. The steps followed for cleaning of filter holder assemblies are listed below.
1. Used (contaminated) filter holder assemblies (including base, support screen, and top
pieces) were disassembled, and the used filter membranes were discarded.
2. Rubber gaskets were transferred in the pre-rinse container and rinsed with DI water 3-5
times before being transferred into 1 mM EDTA solution container for washing.
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3. The gaskets submerged in the EDTA solution were shaken for 30 minutes to ensure
removal of trace amount of uranium sticking to the gasket surface.
4. Clean gaskets were transferred to the post-rinse container where they were rinsed with DI
water 6 times.
5. Rinsed rubber gaskets were dried.
6. The polypropylene filter assembly parts were transferred into the pre-wash
beaker (ensuring that full sets of bases, support screens, and top pieces are present, and
they do not exceed 12 total sets in number).
7. All the filter assembly parts collected in the pre-wash beaker were dislodged from each
other and rinsed 5 times with deionized water. They were then partially dried by covering
the beaker mouth with a paper towel and tossing the filter assemble parts inside the
covered beaker several times.
8. Rinsed and partially dried filter assembly parts were transferred into the 10%
HNO3 Primary Acid Wash bath and allowed to soak for a minimum of 1 hour.
9. After 1 hour, the filter assembly parts were transferred from the 10% HNO3 bath to the
1% HNO3 Secondary Acid Wash bath (being sure not to transfer excess 10%
HNO3 solution in the process and disassembling any filter holders which would have
been stuck together) and they were allowed to sit in the secondary acid bath for 8 hours
or overnight.
10. After 1% HNO3 bath, the filter assembly parts were moved into the postwash beaker, and rinsed 6 times with deionized water. Filter holders were then dried
using paper towel method a minimum of 5 times.
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11. After post-wash rinsing and partial drying, the filter assembly parts were transferred onto
a clean container for filter assembly.

Measurement of isotope ratio in digested samples
Isotope exchange between aqueous U(VI) and UO2(s) will lead to a decrease in the
236

U/238U of the aqueous phase. At equilibrium, 236U/238U of the aqueous and the solid phases

should be equal. The final value of isotope ratio can be estimated if the total molar concentration
of uranium in the aqueous and the solid phases, and the initial isotope ratio of both aqueous
U(VI) and UO2(s) are known. We sacrificed two batches – (i) 8.4 mg/L UO2(s) and (ii) 4.7 uM
U(VI) with 8.4 mg/L UO2(s) to measure solid and aqueous pool sizes of uranium and the
236

U/238U isotope ratio. These two batches were prepared by following the same protocols as the

batches prepared for isotope exchange experiments described in Chapter 5. The background
conditions were also identical to those of the isotope exchange experiments. After 24 hours of
reaction, contents of both the batches were digested by adding 10% HNO3 and heating at 100 °C
for 4 hours. The measured total uranium concentration and 236U/238U were close to the estimated
values (Figure A5.1)
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Figure A5.1. Total uranium concentration measured in the (i) UO2(s) only and (ii) UO2(s)U(VI)(aq) mixed systems
Table A5.1. 236U/238U isotope ratio in the digested samples and the aqueous U(VI) added
Samples

Measured

Estimated

Aqueous U(VI)

0.0116±0.0005

0.0118

8.4 mg/L UO2(s) after digestion

0.0000

0.0000

8.4 mg/L UO2(s) with 4.78 µM U(VI)(aq) after
digestion

0.0013±0.0002

0.0016

Estimation of UO2(s) particle size
Average size of lab synthesized UO2(s) particles was calculated by analysis of scanning
electron microscopic (SEM) images of the UO2(s) particles (Figure 5.2 in Chapter 5). ImageJ2
software was used for measurement of the particle size. First, the scale of the SEM image was
determined by finding average of 10 measurements of the pixel length of the scale bar
indicated in the bottom right-hand side of the SEM image (Figure 5.2). The average pixel
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length (318.455 pixel) of the scale bar determined after 10 measurements was assigned the
indicated size of the scale bar in nm (2000 nm). This scale was fixed for particle size analysis.
Twenty-six particles were randomly selected. As the particles were treated as though they were
to be cubic, size of each particle was measured along two directions, which are mutually
perpendicular and roughly coinciding with the axes of alignment of the projected rectangle.
The mean of these 52 measurements was calculated to be 148.0 nm with a standard deviation
of 25.2 nm. The measured minimum and maximum particle sizes were 102.3 and 198.3 nm
respectively. The schematic of a cubic shaped UO2(s) particle with the average particle size is
shown in Figure A5.2.

Figure A5.2. Schematic of a cubic shaped single UO2(s) particle with average particle size

Estimation of UO2(s) specific surface area and site density
The average size of the UO2(s) particles was estimated to be 148 nm. For a UO2(s)
density of 10.97 g/cm3 and a cubic shape of the UO2(s) particles, the specific surface area of the
UO2(s) can be calculated using equation A5.1.
6𝑎2

𝑆𝑆𝐴 =

( 3)
𝑎
𝜌𝑠

=

6
)
148×10−9
6
10.97×10

(

= 3.70 m2/g
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(A5.1)

Here, a = UO2(s) particle size in m and ρs = UO2(s) solid density in g/m3

In order to estimate the site density of the UO2(s), number of uranium atoms in a single
particle of 148 nm size was estimated by equation A5.2.
𝜌

𝑠
𝑁𝑏𝑢𝑙𝑘 = 𝑀𝑊
× 𝑁𝐴 × 𝑎3 =

10.97×106
270

× 6.022 × 1023 × (148 × 10−9 )3 ≈

(A5.2)

79317453
Here, MW = molecular weight of UO2 in g/mole, NA = Avogadro’s number.
Assuming a uniform distribution of the uranium atoms in a single UO2(s) particle, the
number of uranium atoms on an edge of the cubic crystal will be given by equation A5.3.
Consequently, the number of surface uranium atoms can be estimated by equation A5.4.
1

1

𝑁𝑒𝑑𝑔𝑒 = (𝑁𝑏𝑢𝑙𝑘 )(3) = (79317453)(3) ≈ 430
2

𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒 = 6 × (𝑁𝑒𝑑𝑔𝑒 ) = 6 × (430)(2) = 1109400

(A5.3)
(A5.4)

Total surface area of a single UO2(s) particle of 148 nm size is given by equation A5.5.
𝑆𝐴 = 6 × (148)2 = 131424 𝑛𝑚2

(A5.5)

Therefore, site density of the UO2(s) can be estimated by equation A5.6.
𝑆𝑖𝑡𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =

𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒
1109400
=
= 8.44 𝑠𝑖𝑡𝑒𝑠/𝑛𝑚2
𝑆𝐴
131424

(A5.6)

Percentage of the surface uranium atoms in a UO2(s) particle of size 148 nm could be
estimated by equation A5.7.
𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (%) =

𝑁𝑠𝑢𝑟𝑓𝑎𝑐𝑒
1109400
× 100 =
× 100 = 1.4 %
𝑁𝑏𝑢𝑙𝑘
79317453
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(A5.7)

Appendix 6: Interference of filters on dissolved uranium
concentration

All the major experiments done in this dissertation work involved batches that included
both aqueous and solid-associated uranium. Filtration was used as the phase separation
technique for separating dissolved uranium from uranium solids. The expected dissolved
uranium concentration in some of the control experiments was as low as 10 nM. Therefore, a
systematic filter interference study was done to find the suitability of various filters for the
experiments. These studies sought to quantify potential problems with either contamination of
samples from release of uranium from the filters or the removal of dissolved uranium from a
sample by uptake on the filter material. The concentration of dissolved uranium was measured
by inductively coupled plasma mass spectrometry (ICPMS).
Filters of different membrane material types and pore sizes were selected (details in
Table A6.1). A solution of 10 nM dissolved uranium in a matrix of 10 mM NaCl at pH 7 was
filtered through each of these selected filters (Table A6.1).
Table A6.1. Various filters used for aqueous uranium interference study
Pore
Membrane
size
ID
Vendor catalogue number
material
(µm)

Membrane
diameter
(mm)

Al_0.02

Whatman Anotop
(WHA68094002)

Alumina

0.02

25

MCE_0.025

Millipore Sigma
(VSWP02500)

Mixed cellulose
esters

0.025

25

PES_0.05

Tisch Scientific (SF16008)

Polyethersulfone

0.05

13

PES_0.2

Tisch Scientific (SF14499)

Polyethersulfone

0.22

25
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Out of the four filters, MCE_0.025 showed the least impact on dissolved uranium
concentration (Figure A6.1). However, even for these best-performing filters only 70% of total
dissolved uranium could be recovered after filtration.

Figure A6.1. Measured average concentration of dissolved uranium recovered after
filtration through different type of filters as compared to the dissolved uranium measured
in unfiltered samples. Error bars show standard deviation for triplicates.
As the recovery rate of dissolved uranium after filtration through MCE_0.025 filter was
much higher as compared to that of other filter types, further interference studies were done
only on the MCE filter. A 1000 nM dissolved uranium solution in a matrix of 10 mM NaCl at
pH 7 was filtered through MCE_0.025 filter to compare its recovery rate to that of the 10 nM
uranium solution. The recovery rate of 1000 nM uranium solution was unexpectedly lower at
~53% as compared to the 70% for the 10 nM uranium solution (Figure A6.2).
Following this, the matrix of the uranium solution was modified by including 10 mM
MOPS buffer along with 10 mM NaCl. The system pH was maintained at 7. Interference of
MCE_0.025 filter on both low (10 nM) and high (1000 nM) uranium concentration was
examined under these conditions. The recovery rate of 10 nM uranium solution prepared in a
matrix comprising of 10 mM MOPS and 10 mM NaCl after filtration through MCE_0.025
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filter was ~77%. For 1000 nM uranium solution, the recovery rate with this modified matrix
was comparatively much higher at ~96% (Figure A6.3). This is possibly because of higher
ionic strength in the matrix comprising both NaCl and MOPS in the system.

Figure A6.2. Measured average concentration of dissolved uranium recovered after
filtration through MCE_0.025 filter as compared to the dissolved uranium measured in
unfiltered samples. Error bars show standard deviation for triplicates. Matrix = 10 mM
NaCl.
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Figure A6.2. Measured average concentration of dissolved uranium recovered after
filtration through MCE_0.025 filter as compared to the dissolved uranium measured in
unfiltered samples. Error bars show standard deviation for duplicates. Matrix = 10 mM
MOPS and 10 mM NaCl.
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